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RCA Tunnel Diode Manual

When the phenomenon of tunneling in a
p-n junction semiconductor diode was first re-

ported, RCA scientists immediately recognized the
importance of this effect for potential use in high-
speed semiconductor devices. Since then, great
strides have been made both in the theoretical un-
derstanding of the tunnel effect in semiconduc-
tors and in its utilization in circuit elements.
Today, tunnel diodes are finding increasing uses
in high-speed switching circuits for computers,
in microwave equipment, and in electronic in-

strumentation.

Te.HIS manual has been prepared to assist de-

sign engineers in the practical use of tunnel
diodes. It includes basic theory, construction, and
other general information describing the tunnel
diode. The switching capability of the tunnel
diode is explained in detail, and several represen-
tative circuits are given. Design considerations
for the use of the tunnel diode as a microwave
amplifier, converter, and oscillator device are ex-

plained in detail. High-current applications and
several unusual tunnel-diode circuits are also in-

cluded; as well as practical circuits for the meas-
urement of important tunnel-diode parameters. The
manual also includes a data section giving ratings
and characteristics for RCA tunnel diodes.

RCA SEMICONDUCTOR and MATERIALS DIVISION
SOMERVILLE NEW JERSEY



TYPICAL

RCA TUNNEL

DIODE

• switching times to 75 picoseconds

• peak currents from 1 milliampere

to 220 amperes

• broad application capability

• gigacycle switciiing speeds

• over 40 germanium and gallium

arsenide types available in produc-

tion quantities

A. Gold-plated five-mil Kovar

leads for ruggedness and

thermal dissipation.

B, Low-inductance screen con-

nector minimizes pressure

sensitivity and improves
ruggedness.

C, Rugged junction structure

for extra mechanical reli-

ability.

D. Expitaxial area for low sat-

uration resistance, high

speed and low capacitance.

ACTUAL SIZE
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THEORY

J. HE tunnel diode is one of the most significant electron de-

vices to emerge from the research laboratory since the transis-

tor. Essentially smaller and faster than either the transistor

or the electron tube, it offers design engineers a host of out-

standing features. The high switching speed of tunnel diodes,

coupled with their simplicity and stability, makes them par-

ticularly suitable for high-speed computer applications. They
can also operate effectively as amplifiers, oscillators, and con-

verters even at microwave frequencies. In addition, tunnel

diodes have extremely low power consumption and are rela-

tively unaffected by radiation, surface effects, or temperature.

The two-terminal nature of the tunnel diode is an important
consideration in circuit design. On the one hand, this feature

permits the design of circuits which are extremely simple,

and thus provides significant savings in size and weight as

well as substantial improvements in reliability. On the other

hand, the lack of inherent isolation between input and out-

put can be a serious design problem in some applications.

Generally, at frequencies below the microwave region transis-

tors are a more practical and economical choice than tunnel

diodes. At microwave frequencies, however, tunnel diodes have
several important advantages over transistors, and are highly

competitive with other high-frequency devices such as micro-

wave tubes, parametric diodes, and masers.

GENERAL DESCRIPTION

A tunnel diode is a small two-terminal device containing a

single junction formed by heavily doped semiconductor ma-
terials. It differs from other p-n junction diodes primarily

3



4 RCA TUNNEL DIODE MANUAL

because the doping levels are from a hundred to several thou-

sand times as high. For example, the doping level in conven-

tional microwave detector diodes is in the order of lOi" to

IQi^ atoms per cubic centimeter, whereas the doping level in

tunnel diodes is in the order of 10^^ ^q iq^o atoms per cubic

centimeter. The high impurity concentrations in both the

n-type and p-type materials of tunnel diodes result in an ex-

tremely thin depletion region at the junction (approximately

0.000001 centimeter). The tunneling effect which occurs at

this junction produces the unusual current-voltage relation-

ship and high frequency capability of the tunnel diode.

Fig. 1 compares the current-voltage characteristic of a

tunnel diode with that of a conventional rectifier diode. In

Fig. 1.

TUNNEL DIODE
NORMAL DIODE

Current-voltage characteristics for tunnel

diode and conventional rectifier diode.

the rectifier diode, forward current does not begin to flow

freely until a forward-bias voltage in the order of half a volt

to a volt (depending on the semiconductor material) is ap-

plied. For conventional diodes, this forward voltage is some-

times referred to as the "offset" voltage. In the reverse-bias

direction, the conventional diode has high resistance to current

flow until the "breakdown" region is reached. The tunnel

diode, on the other hand, is much more conductive near zero

bias; appreciable current flows when small bias is applied in

either the forward or reverse direction. Because the active

region of tunnel diodes is at a much lower voltage than con-

ventional devices, tunnel diodes are extremely low power de-

vices.

As forward bias on the tunnel diode is increased, the cur-

rent reaches a sharp maximum (peak), then drops to a deep

minimum (valley), and finally increases exponentially with

voltage as in the rectifier diode. The drop in current with

increasing positive bias results in the negative-resistance

characteristic of the tunnel diode. This property enables the
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tunnel diode to convert dc power-supply energy into an ac

circuit energy, and thus permits its use as an amplifier or

oscillator.

The differences in operating characteristics of conven-

tional diodes and tunnel diodes can only be clearly explained

in terms of the energy-band concept in semiconductors. The
following sections describe qualitatively the theory of energv

bands in semiconductors, conventional n-p junctions, and tun-

nel n-p junctions.

ENERGY BANDS IN SEMICONDUCTORS

According to atomic theory, a single isolated atom con-

sists of a positively charged nucleus surrounded by one or

more electrons. These electrons can have only certain discrete

energies. The number of electrons and the energy levels they
occupy depend on the particular element, e.g., germanium has
thirty-two electrons occupying four specific levels. The first

three levels contain, respectively, two, eight, and eighteen

electrons, all of which are tightly bound to the nucleus. The
fourth, and highest, energy level contains four electrons which,

because of their high energy and the shielding action of the

first three levels, are only loosely bound to the nucleus. In

the case of germanium, it is these four electrons which gen-
erally enter into chemical reactions and which interact with
other germanium atoms to form covalent bonds with adjacent
atoms. These four electrons are called the valence electrons.

A semiconductor is a crystalline solid in which the in-

dividual atoms occupy fixed positions in a regular pattern.

Because the atoms are so closely spaced, the discrete energy
levels associated with each atom merge into "bands" of al-

lowed energies, separated by "forbidden" regions. This energy-
band configuration actually determines whether a material is

a semiconductor, conductor, or insulator.

The energy band which contains the valence electrons is

called the valence band. Electrons in this valence band, as

well as in the higher energy bands, are not confined to any
particular atom but are free to wander through the valence
bands within the entire crystal. In the absence of any outside

sources of energy such as thermal excitations, the valence
electrons exactly fill all the possible states in the valence band.
Under this idealized condition, no net current can flow, and
the crystal is a perfect insulator.

The valence band is separated from the next higher band
of allowed energies (the conduction band) by a forbidden re-

gion; this region is so called because it has no states for free
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electrons. The forbidden region between the valence band and

the conduction band is called the energy gap. This gap rep-

resents the minimum excitation energy necessary to move an

electron from the valence to the conduction band. When an

electron is moved from the valence to the conduction band

(e.g., through thermal excitation), the crystal is no longer an

insulator. Because the conduction band has many empty states

available to the free electron, the electron can now be ac-

celerated readily by an applied field. This energy-level con-

dition represents the basis of conduction by electrons.

At the same time, the empty state left in the valence band

(as a result of the removal of an electron) permits accelera-

tion of the valence electrons. This empty state can be consid-

ered to be a "hole", or an absence of an electron in the valence

band, and its effect is equivalent to that of a single positive

charge. This acceleration of electrons within the valence band

is called hole conduction. In general, current in a solid can

be conveniently treated as motion of electrons in the conduc-

tion band and of positively charged holes in the valence band.

The width of the energy gap determines whether the solid

is a semiconductor, conductor, or insulator. The energy-band

diagrams shown in Fig. 2 indicate the diflierence in band gap

CONDUCTION BAND

conduction band
jL

CONDUCTION BAND
ELECTRONS I

ENERGY GAP ENERGY GAP

' ^HOLE
VALENCE BAND

VALENCE BAND

VALENCE BAND

(a)

Fig. 2. Energy-band diagrams for (a) an insulator,

(b) a semiconductor, and (c) a conductor.
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and free carrier concentration between an insulator, a semi-

conductor, and a conductor material. In this figure, the ordi-

nate represents the total energy (potential plus kinetic) of the

electron, and the abscissa represents distance in one direction

in the crystal.

As shown in Fig. 2a, the forbidden region of the insulator

is so large that valence electrons cannot move to the conduc-

tion band except in the presence of extremely strong external

energy sources; hence, the valence band remains filled and the

conduction band is empty.

The semiconductor has a small enough gap so that thermal

motion results in an appreciable number of electrons in the

conduction band and holes in the valence band, as shown by
Figure 2b. In most semiconductor materials, the energy gap
Eg ranges from a few hundredths of an electron volt to about
three electron volts. For example, the energy gap for ger-

manium is 0.7 ev, 1.1 ev for silicon, and 1.4 ev for gallium
arsenide. In conductors, there is no energy gap, and the con-

duction and valence bands overlap, as shown in Fig. 2c. As
a result, significant electron flow occurs with, only a small
amount of applied energy.

The discussion above concerns only pure, or intrinsic,

semiconductors. In such semiconductors, every electron in the
conduction band is accompanied by a corresponding hole in

the valence band. However, in the case of transistors and other
semiconductor devices, a large number of free carriers (either

electrons or holes) is produced by the controlled addition of

small amounts of certain impurities.

For example, if an impurity such as arsenic which con-
tains five valence electrons is substituted for a germanium
atom, only four of these electrons are used to form the covalent
bond. The remaining electron is free and is readily excited
into the conduction band. Instead of leaving a hole behind in

the valence band (as occurs when an electron is thermally ex-

cited into the conduction band), the loss of this free electron

to the conduction band ionizes the arsenic atom, i.e., the arsenic
atom gives up its extra electron and becomes positively charged.
Because of the small activation energy needed to ionize ar-

senic, practically all such donor atoms are ionized at room
temperature. Such a material is referred to as an extrinsic

n-type semiconductor; the energy-band diagram for such a
material is shown in Fig. 3a. In the diagram, the plus signs

in the valence band represent the few holes created by thermal
excitation of electrons into the conduction band. As shown,
the total number of electrons in the conduction band equals
the sum of the donor atoms plus the holes in the valence band.
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As a result, the entire semiconductor crystal remains elec-

trically neutral.

(a) (b)

« CONDUCTION BAND

©©©©©©©©

N-TYPE

« FORBIDDEN REGION-

VALENCE BAND •

©0©©©©e©

P-TYPE

- ELECTRONS + HOLES ACCEPTORS © DONORS

Fig. 3. Energy-band diagrams for extrinsic n-type

and p-type semiconductors.

Fig. 3b shows the energy-band diagram for an extrinsic

p-type semiconductor material, e.g., germanium doped with

gallium. In this case, each impurity atom substituted for a

germanium atom has one less valence electron than the ger-

manium. The missing electron needed to complete the covalent

bond is then taken from a neighboring germanium atom. As
a result, the gallium atoms acquire an extra electron, and thus

become negatively ionized (acceptor atoms). The electrons

which were used to complete the bonding leave positively

charged holes behind them. The small number of electrons in

the conduction band represent those electrons that acquired

enough energy through thermal agitation to leave the valence

band. The total number of holes in the valence band equals

the sum of the acceptor atoms plus the electrons in the con-

duction band. As a result, the semiconductor again remains

electrically neutral.

CONVENTIONAL JUNCTIONS
Semiconductor p-n or n-p junctions are frequently formed

by alloying or diffusing a dopant material into an oppositely

doped semiconductor. For example, indium, an acceptor, can

be alloyed to germanium which is doped with arsenic, a donor.

Alternately, arsenic may be diffused into germanium which is

doped with gallium, an acceptor. In either case, a junction is

formed between the n-type and p-type regions of the semi-

conductor.

The current-flow mechanism across this junction is shown

in Fig. 4a. This representation shows an n-type semiconductor

containing a large number of donors, and a p-type containing

a large number of acceptors.
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On the p-type side, some of the thermally generated elec-

trons in the conduction band diffuse towards the junction. The
direction of the electric field accelerates these electrons across

the junction and into the n-type side. This current exactly

counterbalances the diffusion current from the n-type to the

p-type side; thus the net electron current is zero. The same
conditions apply to the flow of holes in both directions across

the junction. As a result, the net current is zero, as expected

with zero applied voltage.

When a negative-bias voltage is applied to a conventional

n-p junction, the energy level of electrons in the p-type ma-
terial is further increased by the negative potential supplied

by the voltage source. As shown in Fig. 5a, the position of

the p-type energy bands is then considerably higher than that

of the n-type bands. This change in energy level effectively

increases the height of the junction barrier, and reduces the

diffusion of electrons from the n-side across the junction to

a negligible amount. Because electrons always seek the low-

est energy level, the small number of electrons in the conduc-

tion band of the p-type material continue to cross the junction

as before. The higher potential barrier serves to accelerate

these electrons even more than for the zero-bias case. Simi-

larly, the diffusion of holes from the p-type to the n-type side

is reduced to practically zero, while the hole current from the

n-type to the p-type side of the junction is not affected. The
net result is a small amount of reverse current, as shown by

point A on the current-voltage curve of Fig. 5.

JUNCTION
BARRIER
(THIN)

Fig. 5. Energy-band diagrams for conventional

diode under (a) reverse-bias conditions and
(b) forward-bias conditions.
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Under positive-bias conditions, the height of the potential

barrier is reduced, as shown in Fig. 5b. The flow of electrons

from the p-type to the n-type side, and of holes from the n-type

to the p-type side, remains unchanged. However, the lower po-

tential barrier permits a larger diffusion current to flow (i.e.,

electrons from the n-side cross to the p-type side and holes

from the p-side cross to the n-type side). Because this diffusion

current is an exponential function of barrier height, even small

applied voltages result in a very large forward current, as

shown by point B on the current-voltage curve of Fig. 5.

TUNNEL-DIODE JUNCTIONS

As mentioned previously, tunnel diodes use much higher

doping levels than conventional diode or transistor devices,

and, as a result, the transition region is much narrower. Typi-

cally, the transition region in tunnel diodes is less than 100

angstroms (0.000001 centimeter), as compared with approxi-

mately 10,000 angstroms (0.0001 centimeter) for a conven-

tional junction. This difference in width accounts for the

major difference in current-flow mechanism between tunnel

diodes and conventional semiconductor devices.

According to the laws of classical physics, an electron

can not penetrate a potential barrier. It can only "climb over"

the barrier if its energy is greater than that of the barrier.

This concept governs the flow of current across a conventional

junction. However, the theory of quantum mechanics has

shown that there is a small but finite probability that an elec-

tron having insufficient energy to climb the potential barrier

can, nevertheless, penetrate it if the barrier is sufficiently

narrow. Moreover, the electron has the same energy after

passing through the barrier as it did before. This phenomenon,
which is called "tunneling", is the basic mechanism governing

the flow of current for most of the voltage range of interest

in circuit applications of tunnel diodes.

Fig. 6a shows the energy-band diagram for a tunnel-diode

junction under zero-bias conditions. The cross-hatched regions

represent those energy states in the conduction and valence

bands which are occupied by electrons. The horizontal dashed
line indicates the level to which the energy states on both sides

of the junction are occupied by electrons. At zero applied volt-

age, this horizontal line is continuous, as shown. Conduction-
band electrons from the n-type side can then tunnel into the

p-type valence band, and the valence-band electrons from the

p-type side can tunnel into the conduction band. The magni-
tude of these two current components is indicated in Fig. 6a
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by the dashed arrows across the junction. Because these com-
ponents exactly balance each other at zero bias, the net cur-

rent is zero.

When a reverse bias is applied, all energy levels on the

p-type side are increased in relation to those of the n-type side,

as shown in Fig. 6b. Because there are then many available

states on the n-side facing the electrons in the p-type valence
band, a large current of electrons can easily flow from the

ELECTRONS IN

CONDUCTION BAND

ELECTRONS IN A
VALENCE BAND

P
(a)

A
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p-type to the n-type side. This heavy reverse flow is indicated

by the large arrow in the diagram. The current flowing from
the n-type to the p-type side remains the same as in Fig. 6a.

The tunneling phenomenon depends exponentially on the

electric field across the barrier (approximately the total barrier

height divided by the transition region width divided by the

electronic charge). As a result, the reverse current increases

very rapidly for even small voltages. In addition, because the

supply of electrons in the p-type valence band is so large, and
because of the large supply of available empty states in the

n-type conduction band facing the electrons, the tunnel diode

is highly conductive for all values of reverse bias (see Fig. 1).

For small forward-bias voltages, the energy level of the

p-type side is decreased in relation to the n-side as shown in

Fig. 6c. In this case the n-type conduction-band electrons are

opposite unoccupied states in the p-type valence band, while
the p-type valence-band electrons are shown opposite the for-

bidden energy gap of the n-type side. The conduction-to-

valence band current thus remains the same as in Fig. 6a
whereas the current flowing in the opposite direction is re-

duced to zero; thus, current flows in the forward direction.

When the forward voltage is increased further, some con-

duction band electrons on the n-type side are opposite the

forbidden-energy gap of the p-type side, and the conduction-
to-valence-band current is reduced. The forward current then
decreases as the forward voltage increases. This current-

voltage relationship accounts for the negative-resistance region

of the tunnel diode. Finally, for a forward-bias voltage equal to

the valley voltage, tunneling completely ceases. The energy-
band diagram for this condition is shown in Fig. 6d.

Forward current flow in a tunnel diode, however, does not
cease completely at the valley-voltage point, as shown in the
current-voltage curve of Fig. 6. The small amount of current
in this region, called excess current, is actually a combination
of several phenomena. Some tunneling may still occur as a

result of localized impurity states (not the controlled dopant
impurities) in the forbidden region. In addition, the edges of

the energy-band diagram may be somewhat distorted as a re-

sult of the very high doping levels, so that the valence and
conduction bands extend into the forbidden region at some
points. Furthermore, tunneling and recombination in the de-

pletion layer produce a current component which, unlike the

conventional diode current, exhibits a non-exponential de-

pendence on temperature. At voltages greater than the valley

voltage, the height of the barrier is reduced to a level which
permits conventional current to flow over the barrier.
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TUNNEL RECTIFIERS

In addition to its negative-resistance properties, the tun-

nel diode has an efficient rectification characteristic which can

be used readily in many rectifier applications. When a tunnel

diode is used in a circuit in such a way that this rectification

property is emphasized, rather than its negative-resistance

characteristic, it is called a tunnel rectifier. In general, the

peak current for a tunnel rectifier is less than one milliampere.

The major differences in the current-voltage characteris-

tics of tunnel rectifiers and conventional rectifiers are shown
in Fig. 7. In conventional rectifiers, current flow is substantial

in the forward direction, but extremely small in the reverse di-

rection (for signal voltages less than the breakdown voltage

ip.

CONVENTIONAL RECTIFIER

TUNNEL RECTIFIER

Fig. 7. Characteristics curves for tunnel rectifier

and conventional rectifier,

for the device). In tunnel rectifiers, however, substantial re-

verse current flows at very low voltages, while forward current

is relatively small. Consequently, tunnel rectifiers can provide

rectification at smaller signal voltages than conventional rec-

tifiers, although their polarity requirements are opposite. (For

this reason, tunnel rectifiers are sometimes called "back

diodes".)

Because of their high-speed capability and superior recti-

fication characteristics, tunnel rectifiers can be used to provide

coupling in one direction and isolation in the opposite direc-

tion. More information on their applications is given in the

section on Switching.

CONSTRUCTION AND MATERIALS
The structure of the tunnel diode is extremely simple, as

shown in Fig. 8. A small dot (approximately two mils in di-
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ameter) of highly conductive n-type (or p-type) material is

alloyed to a pellet of highly conductive p-type (or n-type)

CASE

\

-ENCAPSULATING MATERIAL .035"

Fig. 8. Structure of typical RCA tunnel diode.

material to form the semiconductor junction. The pellet (ap-

proximately 0.025 inch square) is then soldered into a low-
inductance, low-capacitance case. A very fine mesh screen is

added to make the connection to the dot, and the junction area
is reduced by etching to produce the desired peak currents.

The device is then encapsulated, and a lid is welded over the
cavity.

Tunnel-diode packages must be designed to provide both
low inductance and low capacitance. This requirement im-
mediately eliminates a large number of possible mounting and
packaging approaches, including all the methods commonly
used for transistors and conventional diodes. The package
shown in Fig. 8 was chosen as a good compromise for both re-

quirements ; its junction area is very small, and its inductance
is approximately 4 x lO-io henry. This induction range is suit-

able for most high-frequency applications. Special packages
have been developed for some microwave applications in which
even lower inductances are required.

Tunnel diodes can be constructed from a variety of semi-
conductor materials, including germanium, silicon, gallium
arsenide, indium phosphide, indium arsenide, and indium anti-
monide. The choice of material is a significant factor in de-
termining the principal parameters of the device. In general,
materials having small forbidden energy gaps, low effective

masses, and low dielectric constants provide large tunneling
probabilities. These materials permit the use of small junc-
tions and low capacitance for given peak currents, and thus
provide extremely fast switching speeds.

At the present time, most commercially available tunnel
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diodes are fabricated from either germanium or gallium ar-

senide. The current-voltage characteristics of germanium and
gallium arsenide tunnel diodes are compared in Fig. 9. Ger-

manium devices offer high speed, low noise, and low rise times

Fig. 9. Static characteristics for germanium and
gallium arsenide tunnel diodes.

(as low as 40 picoseconds). Gallium arsenide diodes, which

have a larger voltage swing than germanium diodes, are being

used in an increasing number of applications.

Indium antimonide cannot be used at normal room tempera-

tures because of its small bandgap. Indium arsenide presents

fabrication problems which make it difficult to control the de-

sired peak-current-to-valley-current ratio. Silicon presents the

same problems as indium arsenide, and also produces lower-

speed devices than germanium or gallium arsenide.
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JJECAUSE of the inherent simplicity of tunnel diodes,

the number of electrical characteristics of interest to circuit

designers is relatively small in comparison to those for elec-

tron tubes or transistors. The essential static characteristics

are indicated in Fig. 10, which shows the current-voltage
characteristic curve for a tunnel diode. The peak-point for-

ward current Ip is the value of current at which the slope of

the current-voltage characteristic changes from positive to

negative as the forward voltage is increased. For a given semi-
conductor, Ip depends primarily on the resistivity of the crystal

— Ir reverse current

Fig. 10. Static current-voltage characteristic of tun-
nel diode.

17
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and the junction area of the device, and can be closely con-

trolled during fabrication to within a few per cent of the de-

sired value. Tunnel diodes have been made with peak currents
ranging from several microamperes to several hundred am-
peres. The actual value used is determined primarily by the

application, as shown in Table I.
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characteristics is the junction resistance Rj of the tunnel-diode,

which is determined from two measured parameters, as follows

:

dV
R, = R„ (1)

' dl
'

where dV/dl equals the inverse slope of the current-voltage

curve and Rg equals the series resistance of the diode.

The current-voltage characteristic has an inflection point

in the negative-resistance region. At that point, the magnitude
of the negative resistance is a minimum and is inversely pro-

portional to the diode peak current, as shown by

R,min

where Vj; is a voltage which is characteristic of the semicon-

ductor material. The peak current is the product of tunnel-

current density at the peak point Jp and the junction area Aj.

The tunnel-current density is a very sensitive function of ma-
terial properties (e.g., impurity concentration or crystal re-

sistivity) and fabrication techniques (e.g., alloying time and
temperature). As a result, Jp is very difficult to control during
fabrication. The value of Ip (or R^jn) must be adjusted by in-

dividual etching of each diode to its final junction area. The
junction capacitance is not nearly so sensitive to material

properties or fabrication techniques, but it is directly propor-

tional to junction area. As a result, the etching process can
be used to provide very tight tolerances on peak current, but
the junction capacitance is not controlled so closely.

The series resistance can be considered as the resistance

of the semiconductor wafer. In a well fabricated diode, the

value of the ratio RgiRj^j^ is often less than 0.05; however, it is

difficult to maintain this ratio in the fabrication of high-

frequency diodes.

The series inductance L^ is a property of the diode case
(particularly the lead connecting the upper electrode of the
diode to the case), and is influenced by the circuit in which
the diode is used. The diode junction capacitance C, is the
small-signal capacitance associated with the p-n junction alone
at a specified bias and frequency. Usually Cj is specifled at the
valley voltage; at this voltage, Cj is relatively insensitive to

voltage and frequency. Also, the high dynamic resistance Rj

in the valley region simplifies the problems of measuring Cj.

(This measurement is discussed further in the section on
Measuring Circuits.)

A small-signal analysis of the tunnel-diode equivalent cir-

cuit determines several parameters which, are useful in the
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selection of tunnel diodes for different applications. The fre-

quency limitations of the tunnel-diode junction alone are de-

termined by the diode capacitance and Rmin- This frequency
capability can be described in terms of a figure of merit fe

which is given by

fc = (3)
277-Rn,,nCj

The figure of merit has two very useful interpretations for neg-
ligible series resistance; it is the maximum value of the diode

gain-bandwidth product for linear circuits, and its reciprocal

determines the minimum diode switching time when the unit

is used as a logic element.

The combination of Eqs. (2) and (3) results in the rela-

tionship:

{^) (I)

where the first term is a constant for a given semiconductor
material. The second term (Ip/C^) is, therefore, a direct meas-
ure of the diode speed capability. This parameter is frequently

referred to as the diode speed factor or speed index, and is

usually expressed in units of milliamperes per picofarad.

The frequency f,. should not be confused with the resistive

cutoff frequency f^o which represents the frequency at which
the diode no longer exhibits negative resistance for a specified

bias. When the bias is adjusted so that fm is a maximum, its

value is given by

277Rn,inCj f
R;

- 1 (5)

provided that R^j,, is greater than or equal to 2 R^. If R„in
is less than 2 B,^, then the bias must be adjusted so that the

absolute value of Rj is equal to 2 Rg to obtain the maximum
oscillating frequency.

Another quantity of interest in some applications (par-

ticularly amplifiers and oscillators) is the self-resonant fre-

quency f^g which is given by

™ ~
27rRjCj / L, - 1 (^)
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This frequency is a maximum when Rj equals Rn,i„. The self-

resonant frequency is significant because at operating fre-

quencies below f^o, the reactance of the diode is capacitive;

above self-resonance, it is inductive.

CIRCUIT BEHAVIOR

Further analysis of the small-signal equivalent circuit of

Fig. 11 also provides useful application information. The
operation of a tunnel diode as a stable amplifier, sinusoidal

oscillator, relaxation oscillator, or switch is determined by

the values of Rg, R, Cj, L^, and R,, where R is the magnitude
of the negative resistance (usually its minimum value, Rmi„)

and Rj, is the external resistance. The conditions which must
be satisfied for the different operating modes are shown in

Fig. 12. This chart is plotted in terms of the following parame-
ters :

Rs + El

R
(7)

(R, + RJ RCj
(8)

10
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The value of cc determines whether or not the diode op-

erates as a switch. When oc is greater than 1, the load line can

intersect the current-voltage characteristic at two stable points,

as shown in Fig. 13. The diode then acts as a bistable switch.

Fig. 13. Tunnel-diode load-line chart.

When a is less than 1, the diode can be used as an oscillator

or amplifier, depending on the values of both ex and p. Be-

cause this chart is based on a small-signal analysis, the relation-

ships between R^, R, Lg and C do not apply for the steady-state

case of an oscillator. Under steady-state conditions, however,

the negative resistance has an eff'ective value, R', such that

/3 = 1. For this condition, the actual frequency f of a sinusoidal

oscillator becomes

27rR'Cj J (R, + R,J (R'Cj)2
(9)

and because yS = 1, this equation may be simplified as follows:

(10)f =
1

"277^ L,C,

R«^

Lj

TEMPERATURE VARIATION OF PARAMETERS
To some extent, all electrical parameters of the tunnel

diode are affected by temperature variations. In general, the

tunneling region of the current-voltage characteristic curve is

least afl'ected; the greatest temperature variations occur in

the injection region.

The tem.perature dependence of the peak current of tunnel

diodes is a function of the carrier concentration of the crystal

used.i Fig. 14 shows peak current of a germanium tunnel

diode as a function of temperature for different values of p-

region carrier concentration. As the doping density is in-

creased, the temperature coefficient changes from negative to

slightly positive. Thus, tunnel diodes having excellent peak
current-vs.-temperature characteristics can be produced by
proper choice of carrier concentration.
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Because the diode speed index (Ip/Cj) is a sensitive func-

tion of carrier concentration, it is not always possible to

achieve a desired temperature response consistent with a speed

30r

1-30

Ip/CS
4.8mQ/pf

20 40 60 80
TEMPERATURE—°C

Fig. 14. Par-cent change of peak current as a func-

tion of temperature for different values of

carrier concentration and speed index.

index required for a given application. Fortunately, the tem-
perature coefKcient of high-speed germanium tunnel diodes is

small near room temperature. Fig. 14 also shows the diode
speed index corresponding to each value of carrier concentra-
tion. Fig. 15 shows typical variations in peak current with
temperature for germanium type RCA IN3855.
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100 degrees centigrade, or about 20 microvolts per degree. For
a five-milliampere diode having an average carrier concentra-
tion of 3.5 X 10^8 per cubic centimeter, the peak voltage changes
approximately 4 millivolts from to 100 degrees centigrade, or

about 40 microvolts per degree. The slight dependence on
peak current may result from the fact that the measured peak
voltage Vp is composed of two components, as follows:

Vp Vp„ + IpR, (11)

where Vi,„ is the inherent peak voltage of the diode and IpU^

is the voltage drop across the series resistance. Because peak
current is temperature-dependent, as discussed previously,

temperature variations of the peak current also affect the peak
voltage. Fig. 16 shows typical variations of peak voltage as

a function of temperature.

140

120

20 40
TEMPERATURE— "C

100

Fig. 16. Temperature coefficient of tunnel-diode

peak voltage.

Valley current has a higher temperature coefficient than

other tunnel-diode parameters, and the coefficient itself in-

creases with temperature. For example, the valley current of

several five-milliampere germanium tunnel diodes doubles in

value from —35 to 100 degrees centigrade, as shown in Fig.

17. This parameter is only slightly dependent on carrier con-

centration.
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millivolt per degree centigrade, as shown in Fig. 19. This
parameter is slightly dependent on peak current and doping
density. For example, typical 50-milliampere germanium diodes
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shows the per cent change in reverse voltage with a constant

reverse-current bias. As shown, the total change over the entire

temperature range is less than one per cent.

0,6

-0.2

-0.4

\
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After 5000 hours of testing, no open or short circuits oc-

curred in any of the units. All five-milliampere diodes, as well

as 80 per cent of the 25- and 50-milliampere units, had a peak-

current stability of ± 1 per cent or better. None of the units

changed more than ± 1.5 per cent in peak current. Average
peak-current changes for the five-, 25-, and 50-milliampere

types were 0.13 per cent, 0.56 per cent, and 0.70 per cent, re-

spectively. Changes in peak voltage averaged less than one

millivolt.

H 3 18

CO 36

> S2ShS24

12 2 4

-THOUSANDS OF HOURS-

Fig. 21. High-stress life test results for Ip and U
of pre-aged RCA 1N3129.

SOOr
m

I

§490:^

> J480-

66

h-
-J62

8 10 12

320

'>> 300

2 4 6 8 10 12

-TIME—THOUSANDS OF HOURS

Fig. 22. High-stress life test results for Vf, Vp, and

Vv of pre-aged RCA 1N3129.

All units that had an initial peak-to-valley current ratio

greater than 10:1 remained at that ratio after 5000 hours of

testing. However, the valley current for a few of the 25-milli-

ampere diodes having an initial ratio of less than 10:1 changed

significantly. The average decrease in current ratio for the

50-milliampere and 25-milliampere diodes was 0.9 (for example,

from 9.8:1 to 8.9:1). The average ratio for the five-milliampere

diodes decreased by approximately 0.5.

Valley-voltage and forward-voltage changes were found
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to be inversely proportional to the valley-current changes;

however, the percentage change in valley and forward volt-

age was not as great as that of the valley current.

In another precision life test, high-speed units (50 milli-

amperes, seven picofarads) operated at accelerated dc condi-

tions (average current several times the peak current) showed
somewhat greater changes in peak and valley currents. After

4000 hours, some units exhibited peak-current degradations

up to three per cent. In this life test, the power level used

was about five times that normally encountered in typical logic

circuits such as monostable amplifiers or gates.

LIFE STABILITY OF GALLIUM
ARSENIDE TUNNEL DIODES

As previously mentioned, gallium arsenide tunnel diodes

offer several advantages over germanium devices. For ex-

ample, they provide a voltage swing twice the size of that

available with germanium. In addition, because the power
output at a fixed impedance level varies as the square of the

voltage swing, the power output of gallium arsenide devices

is about four times that of germanium tunnel diodes having
the same negative resistance. When gallium arsenide diodes

are operated at high current levels in the forward-injection

region, however, serious degradation of the peak current can
occur if certain operating limitations are not considered. This
degradation, which is believed to be the result of the energy
associated with the recombination of injected minority car-

riers,^"* is characterized by decreases in peak current, de-

creases (or increases) in valley current, and small changes in

capacitance and voltage.

No degradation has been observed during operation of gal-

lium arsenide diodes in the reverse region or in the tunneling
region. For example, 5-milliampere units have been operated
at a reverse current of 50 milliamperes with no noticeable
degradation after 2000 hours. Operation in the negative-
resistance region (as an oscillator) produces no degradation
even at temperatures up to 150 degrees centigrade. When the
diode is operated as a relaxation oscillator and the signal
swing is quite large, however, the resultant excursions into
the forward region may result in degradation unless the pre-
cautions described below are observed.

The degradation rate depends on the peak-current-to-
capacitance ratio (Ip/Cj) and the forward voltage, as well as
on the forward current. For example, 50-milliampere units
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were operated at three different current levels (10, 25, and 50

milliamperes) in the forward region. After 800 hours, the

units operated at ten milliamperes showed no degradation;

the units operated at 25 milliamperes showed degradation of

one to five per cent, and the units operated at 50 milliamperes

showed degradation of 5 to 25 per cent. In addition, units hav-

ing the highest speed ratio showed the greatest degradation.

On the basis of extensive life data^, a limiting condition

for safe dc operation of diffused gallium arsenide tunnel diodes

at room temperature has been empirically established. This

condition is given by

g 0.5 ma/pf (12)

where I is the average current in milliamperes and Cj is the

junction capacitance in picofarads. When the above condition

is satisfied, degradation is negligible for any given operating

conditions beyond the valley voltage. Fig. 23 shows the re-

sults of testing of two tunnel diodes under these conditions.

< 10
TEST IN PROGRESS

s

TEST IN PROGRESS

2000 3000
TIME— HOURS

5000

Fig. 23. Typical life stability of RCA gallium arsenide

tunnel diodes.

These tests were still in progress during the publication of

this manual.

The limiting condition is applicable for both tunnel rec-

tifiers and tunnel diodes. In addition, it applies to high-current

diodes which are operated at less than the peak current in the

forward region, as well as to low-current units operated at

currents greater than the peak current.
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RADIATION EFFECTS

Recent tests have shown that tunnel diodes are several

orders of magnitude more resistant to nuclear radiation than

bipolar transistors. The principal reason for this high re-

sistance to radiation damage is that the tunnel diode is a ma-
jority-carrier device. As a result, its electrical characteristics

are virtually independent of minority-carrier life times. The
operation of the bipolar transistor, on the other hand, depends

on minority-carrier life time. The high-energy particles intro-

duced by radiation can seriously reduce life times of minority

carriers and thus degrade transistor performance.

In a series of tests, ten tunnel diodes (six germanium and

four gallium arsenide) were subjected to heavy doses of radia-

tion. The data from these tests show that the parameter most

affected by radiation is the valley current, which increased sig-

nificantly at dosage levels of lO^'' nvt (neutrons per square

centimeter). This rise in valley current is believed to be a re-

sult of the additional energy states within the bandgap of the

device which are formed by the neutron bombardment. The

current increase is linearly dependent on the total integrated

flux. As shown in Table II, the increased valley current re-

duces the peak-to-valley current ratio as radiation is increased.

The tests also indicated that peak current is relatively un-

affected by radiation, as shown in Table III.

TABLE II

RADIATION EFFECTS ON PEAK-TO-VALLEY RATIO
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TABLE III

RADIATION EFFECTS ON PEAK CURRENT

Sample
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SWITCHING
JjECAUSE of its high frequency capabilities and small

power requirements, the tunnel diode exhibits excellent switch-

ing characteristics. At the present time, tunnel diodes are being

widely used as ultra-fast rise-time pulse generators and in

ultra-fast counter circuits. They are also especially promising

for digital-computer applications in which they offer speeds

up to several hundred times faster than those available with

transistor circuits. If speeds equivalent to those of transistors

are satisfactory, tunnel-diode circuits can be designed which
require only a small fraction of the power consumption of the

best transistor micro-power circuit.

SWITCHING THEORY

Fig. 24 shows a simple tunnel-diode switching circuit which
has a high-impedance input and a constant load resistance.

The load line for this circuit and its intersections (points 1

and 3) with the typical tunnel-diode characteristic curve are

shown in Fig. 25. When the power is first turned on, point 1

Fig. 24. Tunnel-diode switching circuit loaded with
linear resistance.

33
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is the circuit operating point. When a step input of current

Alju is applied, the load line shifts, as shown by the dashed

Fig. 25. Tunnel-diode characteristic with switching
load line.

line in Fig. 25, and the operating point switches from point 1

to point 2. The forward-current gain G for the circuit is the

ratio between the increase in current to the load (Iout2 ~ louti)

and the increase in the input current (Ali„), as follows:

G = I„ ^outi

Ali„ (13)

Because the value of I„„j., — I(,„tj can never be greater than the

value of Alin + Ip — ly, the maximum current gain Gm,,j is

given by

^max ! "r

Ir

Ali, (14)

Eq. (14) indicates the importance of a large peak-to-valley-

current ratio in the determination of the ultimate gain of

tunnel diodes.

The switching speed of a tunnel diode is determined pri-

marily by its junction capacitance and negative resistance. In

the equivalent circuit shown in Fig. 11, the series resistance R^

and the junction resistance Rj determine the static characteris-

tic of the tunnel diode. The series inductance L^ and the junc-

tion capacitance Gj together with R^ and Rj, limit the transient

or switching response. The series resistance is generally neg-

ligible in switching; if spurious oscillations and recovery time

are not considered, the series inductance may also be neglected
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in the determination of rise time or switching speed. Fig. 26

shows the simplified equivalent circuit for tunnel-diode switch-

ing.

+

-O
Fig. 26. Simplified tunnel-diode equivalent circuit.

The junction capacitance Cj may be considered to be con-

stant during switching. Therefore, the switching speed or rise

time of the tunnel diode in switching from point 1 to point 2

of Fig. 25 depends solely on the amount of charging current i^

passing through the junction capacitance. This current is the

difference between the input current i to the tunnel diode and
the current i^ flowing through Rj. The currents i, i^, and i^ for

a particular point during switching are shown in Fig. 25. The
rise time t,. of the device during switching from point 1 to

point 2 is given by

tr = C,
j
—V

2 dV
(15)

where i, = i - i, = (I^ + AliJ -
Rt

The fastest switching is accomplished when a constant-
current lead line is used (i.e., when R^ is very large). Under
these conditions, and if the overdrive is small relative to Ip,

then Iji + Alin is approximately equal to Ip, and Eq. 15 can be
written as follows:

Cj

v„
dV

Vp Ip - (16)

Because under these conditions i^ is generally small in com-
parison to Ii, for most of the switching cycle, it can be approxi-
mated as a constant ly. The equation for rise time can then
be simplified as follows:

rvv
t. ^ c,

dV = c,
v^ Vp

(17)
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The value of Vp — Vp is approximately 0.5 volt for germanium
and one volt for gallium arsenide. If the small constant cur-

rent ly is eliminated from Eq. (17), the following useful rela-

tionships can be obtained:

for germanium t^ =s (18)
2 Ip

C
for gallium arsenide t^ = — (19)

Ip

In both these relationships, constant-current load-line switch-

ing is assumed.

Tunnel-diode fall time, i.e., switching time from a high to

a low state, is calculated in a manner similar to that described

above for rise time.

The series inductance L„ has very little effect on rise and

fall times, especially if constant-current switching is used.

However, the series inductance does affect recovery time and,

therefore, limits the maximum repetition rate of switching.

For example, when a tunnel diode is switched from the peak

point to the high-voltage region, the current must then be re-

duced to the valley point before the diode can be switched to

the low-voltage region. The time required to reduce the current

to the valley point is limited by the time constant Lg/Rp, where

Rd is the average value of the diode resistance in the high-

voltage region. The recovery time in the low-voltage region

is affected in the same manner.

MULTIVIBRATOR CIRCUITS

When suitable biasing is used, tunnel diodes may be util-

ized in astable, monostable, or bistable modes of operation. The

dc load lines required for these three modes are shown in Fig.

27, and a circuit for obtaining the required biasing is shown

in Fig. 28. The dc load line I, which intersects the tunnel-diode

characteristic at point A in the unstable negative-resistance

region, provides biasing for the astable mode. Load line II,

which intersects the tunnel-diode characteristics at the stable

point B, provides biasing for the monostable mode. Load line

III, which intersects the tunnel-diode characteristics at the two

stable operating points C and E, provides biasing for bistable

operation (point D is unstable and is not used).
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tive-resistance region, i.e., Vp < (Vb^ — Id R^j) < Vy, where
Ij) is the static tunnel-diode current; (3) the total inductance

must be large enough so that the biasing point is unstable under

ac conditions, i.e., (Lj + LJ > (R^ + R„) R„i„ Cy The high-

est frequency of operation for this type of circuit, therefore,

is limited by tunnel-diode inductance, capacitance, and nega-

tive resistance.

Fig. 29b shows a practical example of a tunnel-diode astable

multivibrator circuit. The frequency of oscillation for this cir-

cuit is 100 megacycles. The equivalent dc-load resistance Rm
is equal to (Rj,) X (Rj) divided by (Kb -1- Rj), or 4.875 ohms.

The equivalent supply voltage Ym is equal to (Vbb) X (Rb)

divided by (Rb + Ri), or 244 millivolts.

The linearized tunnel-diode characteristic shown in Fig.

30 illustrates the switching trajectory and allows an approxi-

mate determination of the repetition rate. When L, is assumed

to be large enough to permit negligible current change during

switching, the switching trajectory given by path ABCD in the

Fig. 30. Astable circuit operation shown on linear-

ized tunnel-diode characteristic.
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diagram is obtained. The time during which the tunnel diode

is in the low-voltage state AB is determined by the charging

of Lj through Rq^ and Rrj, as follows:

L Ii - Iv
tAB - ^:; —;::- In ~ (20)

Rb, + IpRdi Ii

where Rpj is the diode resistance in the low-voltage state and

Ii is as defined in Fig. 30. The time during which the tunnel

diode is in the high-voltage state CD is determined by the dis-

charging time of Lj, as follows

:

tr
RBl Rr

In
h +
I2 + Iv

(21)

where Rdj is the diode resistance in the high-voltage state and
I2 is as defined in Fig. 30. Because these times are much longer

than the time spent in the negative-resistance region, the repe-

tition rate, or frequency f, of the astable circuit is given by

f = (22)
^AB + ^CD

Fig. 31a shows the output waveform calculated for the

linearized tunnel-diode astable multivibrator. An actual tun-

nel-diode output appears as shown in Fig. 31b. As shown, the

time spent in the negative-resistance region is very short.

(b)

Fig. 31. Astable multivibrator waveforms for (a)

linearized tunnel diode and (b) actual tun-

nel diode.

Monostable Multivibrator

Tunnel-diode monostable multivibrators may be designed
in a manner similar to that described for the astable multi-

vibrator. Monostable operation is obtained when the biasing
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chai-acteristic or dc load line intersects the tunnel-diode volt-

age-current curve at only one stable point, either below the

peak point or above the valley point, as shown in Fig. 32a. A
typical monostable multivibrator circuit is shown in Fig. 32b;

waveforms for the two modes of biasing are shown in Fig. 33.

+ ii

Fig. 32. (a) Biasing characteristic and (b) mono-
stable multivibrator circuit.

INPUT

OUTPUT

OUTPUT

Fig. 33. Waveforms for tunnel-diode monostable
circuit at (a) biasing below the peak point

and (b) biasing above the valley point.

For proper "one-shot" operation, the input pulse width tj,, must
satisfy the following relationship:

tr < tin < tw (23)

where t,,, is the delay time, or pulse width of the output wave-
form, and tr is the tunnel-diode rise time or switching time.

The pulse width is controlled by the size of the inductance

Lg, the resistance Rcg, and the resistance presented by the tun-

nel diode. When the idealized tunnel-diode characteristic shown
in Fig. 34a is used, the approximate pulse width may be cal-

culated for a condition of biasing below the peak-point, as

follows

:
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Rii R,
In

I2 + Ip + Ii,

I2 + Iv
(24)

where the currents I2, Ip, Iin, and ly are as given in Fig. 34a.

Fig. 34a. Monostable operation.

Fig. 34b shows a practical example of a monostable multi-

vibrator circuit which uses biasing below the peak point. This
circuit has a pulse width, or delay time, of five nanoseconds
and a maximum repetition rate of 70 megacycles per second.
The equivalent dc load resistance Rr, is 9.75 ohms, and the

equivalent supply voltage Vu^ is 250 millivolts.

) Vbb = +10 VOLTS

TYPE
C|-n=l5 IN3863

PICOFARADS

INPUT

400 MILLIVOLTS

F?L = IQO OHMS

Fig. 34b. Practical monostable multivibrator.
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Bistable Multivibrators

Because of their inherent memory capabilities, tunnel

diodes can be readily used in the design of bistable multivi-

brator circuits. Fig. 35a shows a simple tunnel-diode bistable

SET

o
"B3

©
:ji

INPUT

:VB3
IP

n.
Preset \T

+v.
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second, an Rb resistance of 29.2 ohms, an equivalent load-line

resistance Rj,., of 27.5 ohms, and an equivalent supply voltage

Vb3 of 542 millivolts.

Fig. 86a shovs^s a flip-flop circuit which can be set and re-

set with pulses of the same polarity. In this circuit, the size

of L3 is determined by a compromise between ease of reset

and recovery time of the circuit. Fig. 36b shows a practical

^ n""^ no-

O-H—
Preset

SET
INPUT

0-

RESET
INPUT

-3

n'""" n

;VB3
OUTPUT

Fig. 36a. Set-reset flip-flop circuit and waveforms.

example of a set-reset circuit which uses positive triggering.

This circuit has a maximum repetition rate of 100 megacycles
per second, a load-line resistance of 28.5 ohms, and a load-line

voltage of 510 millivolts.

OVbb =10 VOLTS

400
MILLIVOLTS

12 PICOFflRfiDS

SET

12 PICOFARADS

400
MILLIVOLTS

TYPE
IN3863

e
Rl = 5IO

, OHMS

TYPE
1(\I3863

TYPE
IN3859

OUTPUT
o

. Rl=36
OHMS

200 <

0HMS<
> 200
>OHMS

L = 90 <:

MICROHENRIESc

Fig. 36b. Practical set-reset flip-flop circuit having

positive triggering.

The design of a triggered flip-flop circuit" using tunnel

diodes is somewhat more complicated, as shown in Fig. 37a.

Again, the value of the inductance Lg is determined by a com-
promise between good triggering and fast recovery time. A
practical example of such a circuit is shown in Fig. 37b. This
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circuit, which has a maximum repetition rate of 100 mega-

cycles per second, may be cascaded with identical stages to

form a binary-counter circuit.

Cin "in

O—If—V^^
INPUT

'>Rb

—nnfip- -O OUTPUT

INPUT n n n n
OUTPUT

Fig. 37a. Triggerable flip-flop circuit and waveforms.

I Vbb= 1-5 VOLTS

Cin=68

PICOFAF?ADS

'RB= 90 OHMS

INPUT O—)1-VW-
Rin = 50
OHMS

R = 50
OHMS

-nsvir^
L = I70

NANOHENRIES,

. R=50
• OHMS

TYPE
N3858

-O OUTPUT
TYPE
IN3858

Fig. 37b.

^
Practical triggerable flip-flop circuit.

LOGIC CIRCUITS

Tunnel-diode switching is accomplished when a given

"threshold" or turning point is exceeded, either the peak point

or the valley point of the device. Thus, the word threshold is

associated with tunnel-diode logic circuits, or gates.

Fig. 38a shows a tunnel-diode bistable OR gate with re-

set; the operation of such a circuit is shown in Fig. 38b.

Normal biasing for the tunnel diode is at point A. When
any one of the inputs supplies a current Iin, the tunnel diode

switches to point B. Upon relaxation of the input, the operat-

ing point moves to C, a stable point. As a result, the tunnel
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diode must be reset back to point A before any more logic can

be performed. This resetting is accomplished by means of the

reset pulse source shown by the dashed load line II.

,+ Vo

INPUTS OUTPUTS

(b)

•^

Fig. 38. (a) Tunnel-diode bistable OR gate with re-

set and (b) Operating characteristics.

A bistable AND gate is designed in a manner similar to

that described for the OR gate, except that all inputs must
supply current before the tunnel diode switches to the high

state.

The logic circuit shown in Fig. 38a has two disadvantages.

First, because of the relatively low current gain of the tunnel

diode, worst-case design produces a circuit having impractical

fan-in and fan-out when realistic tolerances are used. (Fan-

in is the maximum number of inputs to a logic gate; fan-out is

the maximum number of outputs that can be driven from a

logic gate.) Secondly, because the tunnel-diode input and out-

put terminals are the same, the signal may propagate in either

direction; as a result, phased power supplies for Vb are re-

quired for unidirectional flow of information. This requirement
makes the system much more complex and costly.
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Both these disadvantages are overcome by the circuit

shown in Fig. 39. This circuit uses a cascaded-amplifier ar-

rangement which produces considerably larger current gain
per stage; consequently, reasonable fan-in and fan-out are pos-
sible when practical tolerances are used. In this circuit, tun-
nel diode TD2 may have a peak current from two to five times
that of TDj, depending upon the tolerances. This higher peak
current accounts for the larger amplification.

+VBa

( \4) Wv-Q >

R FAN-

wvo

Fig. 39. Cascaded-amplifier bistable OR and AND
gate using tunnel rectifiers.

In addition, the circuit of Fig. 39 does not require phased
power supplies because the tunnel rectifiers used in the inputs

conduct current in only one direction. Although the reset pulse

is still required with this circuit, a low-current pulse can gen-
erally be used. This pulse may be considered a clock source
for synchronous logic circuits. The use of tunnel rectifiers also

provides better gain by unloading inputs. In cases where extra-

large fan-in and fan-out are needed, cascading may be extended
to include three tunnel diodes in tandem. If cascading is ex-

tended beyond three diodes, the circuit becomes very costly

and, at the same time, the stage propagation delay becomes
proportionately longer.

A tunnel-diode logic circuit may be made self-resetting

if it is monostable rather than bistable, as shown in Fig. 40a.

This circuit also ofi^ers faster switching speeds than bistable
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gates. This advantage is demonstrated in Fig. 40b, which shows
that the switching trajectory (dashed line) is constant current

during transition from the low to the high state, or vice versa.

FAN-IN FAN-OUT

Fig. 40. (a) Monostable logic circuit, (b) operating
characteristic, and (c) output waveform.

As indicated by the output waveform in Fig. 40c, both the pulse
width and recovery time are determined by the size of induc-
tance L. The rate of change of current through L is given by
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diL

dT L
(25)

As a result, the pulse width is inversely proportional to Vj^,,

and the recovery time is inversely proportional to Vlj' ^^ ^^'

fined in Fig. 40b.

The pulse width and recovery time determine the maximum
repetition rate of the monostable circuit. The minimum pulse

width is determined by the driving requirements on the inputs

to the gate. Therefore, maximum speed is obtained by making
the recovery time as small as possible or by making V^g ^^

large as possible. This latter requirement can be readily

achieved by the use of nonlinear biasing.

Nonlinear biasing or load lines are obtained by the use of

a tunnel rectifier, as shown in Fig. 41a. In this circuit, the

(a) (b)

Fig. 41. (a) Tunnel-diode and tunnel-rectifier circuit, (b) composite

characteristic of tunnel rectifier and voltage Vol in series, and

(c) nonlinear load line on tunnel-diode characteristic.
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tunnel rectifier in series with the voltage Vql results in the

composite static characteristic shown in Fig. 41b. This non-

linear characteristic may be plotted as a load line on the tun-

nel-diode characteristic in the same manner as a linear load

line,^' 8 as shown in Fig. 41c.

Fig. 42 compares nonlinear and linear biasing, and shows
the major advantages of the former. First, nonlinear biasing

results in a considerably larger Yj^^ and, consequently, a much
faster recovery time than linear biasing. Secondly, nonlinear
biasing significantly improves current-gain capabilities, as

shown by the much smaller Ii„ required to switch the tunnel

diode over the peak at the same percentage of overdrive.

I
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+ 6V

1027
OHMS

-A/Vv O
22,7 PULSEOHMS INPUT

Fig. 44. Complete monostable AND gate using ger-

manium tunnel diodes and rectifiers.

Fig. 45 shows a compatible level-producing bistable circuit

which can be used with monostable OR and AND circuits. This

bistable circuit is used to obtain storage registers, counters,

and inversion (through the reset input), as well as to eliminate

timing problems in AND gates by gating levels against pulses

wherever necessary.

The three circuits shown in Figs. 43, 44, and 45 form a

complete set of logic blocks (having one-nanosecond logic de-

lays and 200-megacycle per second repetition rates) for use in

a large-scale computer.""ii (These circuits as well as that

shown in Fig. 49 use tunnel diodes which are presently in the

development stages. These devices, however, are available from

RCA upon request.) These circuits have all been designed for

worst-case operation. Logical interconnection of these circuits

is accomplished by use of coaxial cable which prevents cross-

talk, effect of common-ground paths, and other transient noise

problems at high speeds (200 megacycle per second and up).

These three logic circuits may be used to build an ultra-

high-speed shift register, as shown in Fig. 46. The shift regis-

ter uses two AND gates and two bistable units in each stage.

A counter may also be constructed by use of a modified form
of the circuit shown in Fig. 46. The circuit is connected in a

ring so that the A, output is connected to the A„ input; the

counter then has a scale of 2i where i is the number of stages in

the ring. This counter functions properly when all stages are

initially set to zero.
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- + 6V

+ 90 mv

Ip = 50ma

Fig. 45. High-speed bistable circuit having two set

and reset inputs.

SHIFT PULSE

u .

SRSR SR SRSR SR SRSR

_0 O
A2 A3

6
A3

6
Ai

o
Ai

OUTPUT OUTPUT

Fig. 46. Blocl< diagram of shift register.
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When low-peak-current tunnel diodes and tunnel rectifiers

are used in the circuits of Fig. 43, 44, and 45, a micro-power
computer can be designed which requires several hundred
times less power than low-power transistor circuits at no sacri-

fice in operating speed.

COMPUTER MEMORIES

Because of its voltage-controlled negative-resistance char-

acteristic, the tunnel diode is an ideal element for computer

memories. Its ultra-high-speed capabilities make the tunnel-

diode memory many times faster than other presently used

memory systems.

Fig. 47 shows a 25-nanosecond-cycle-time memory cell

which uses a germanium tunnel diode and a gallium arsenide

tunnel rectifier."' ^^ xhe memory cell is read by applying a

pulse to the word line which causes a sensed output to appear

on the digit line. The write operation is achieved by applying

pulses having the indicated polarities to both the word line

and the digit line.

+ 800mv

READ PULSE

Fig. 47. Basic memory cell.

The basic operation of the memory cell is demonstrated in

Fig. 48. The voltage supply Vr and resistor Rg produce a cur-

rent which allows the germanium tunnel diode to be either in

a low-voltage state (storing a "1") or high-voltage state (stor-

ing a "0"), as shown by points A and B, respectively, in Fig.

48a. Reading from the cell is attained by applying a negative

word-line voltage to the tunnel diode, as shown in Fig. 48b.

If the tunnel diode is in the low state, it is switched to the high
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state. Because the current which switches the tunnel diode

must pass through the tunnel rectifier, a negative output pulse

is obtained on the digit line only when the tunnel diode is

caused to switch. Writing into the memory is achieved when
a negative voltage appears on the digit line in coincidence with

a positive voltage on the word line, as shown in Fig. 48c. This

condition switches the tunnel diode to the low state, and a "1"

is set into the cell.

I
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Fig. 49. Peripheral memory circuits.
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HYBRID CIRCUITS

The combination of transistors and tunnel diodes in hybrid
circuits offers many advantages. For example, the combination
of these two devices in switching circuits offers the possibility

of speeds many times faster than those of circuits using transis-

tors only. Accordingly, the speed of present-day computer cir-

cuits (particularly those in the arithmetic unit) could be
generally improved through the use of hybrid circuits. In addi-

tion, hybrid circuits eliminate many of the difficulties of cir-

cuits using tunnel diodes only, such as lack of isolation between
input and output and the tight tolerances required to achieve
reasonable circuit gains. In general, tunnel-diode and transis-

tor hybrid circuits provide a good compromise between high
speed and circuit complexity.

Basic Combinations

In the basic tunnel-diode and transistor combination, the
tunnel diode is placed in parallel with the base-emitter termi-

nals of the transistor, as shown in Fig. 50a; the resulting com-
posite characteristic is shown in Fig. 50b. This combination
can be operated in either the common-emitter or common-base
configuration. In common-emitter operation, the tunnel diode
is used primarily to speed up the input to the transistor; it may
also provide some current gain in addition to that obtained
from the transistor. In common-base operation, !* the tunnel
diode provides all the current gain, as well as high speed. In

both modes, the transistor provides both isolation between in-

put and output and voltage gain.

- O

TRANSISTOR-

COMPOSITE-

ta)

Fig. 50. (a) Basic tunnel-diode and transistor com-
bination and (b) composite characteristic.

Although Fig. 50a shows the combination of a germanium
tunnel diode with a germanium transistor, the use of gallium
arsenide tunnel diodes with germanium transistors or the com-
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bination of gallium arsenide or germanium tunnel diodes with

silicon transistors is also possible. The use of gallium arsenide

tunnel diodes with germanium transistors has been found to

be the most practical combination because it requires the least

control of characteristic-voltage tolerances. The use of silicon

transistors requires an offset bias on the emitter even in com-
bination with gallium arsenide tunnel diodes.

Common-Emitter Circuits

The combination of tunnel diodes and transistors in a

common-emitter configuration results in a natural bistable cir-

cuit, as shown in Fig. 51a. The composite operating character-

istic in Fig. 51b shows the two stable points X and Y, and the

set and reset currents necessary to accomplish these functions.

Rl
ri+Rb

(a)

2.5 V— 33
PICOFARADS

cHh

50
PICOFARADS

RESET

300 '

OHMS<

TYPE
IN955

TYPE
IN955

> 300
ifOHMS

>300
;OHMS

®TYPE
IN3857

(c)

Fig. 51. (a) Common-emitter bistable circlit, (b) char-

acteristic, and (c) practical circuit.
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For proper operation, the current flowing into the base at point

B must be sufficient to saturate the transistor. The switching

speed of this bistable unit is much faster than that obtained

with a transistor alone. Storage and fall time are also fast

because the tunnel diode presents such a low impedance dur-

ing turn-off. In addition, these high speeds are achieved with-

out the use of any reactive or speed-up elements because the

tunnel diode provides essentially a perfect step input to the

transistor. A practical example of a common-emitter bistable

circuit is shown in Fig. 51c. This circuit has a maximum repe-

tition rate of 50 megacycles per second.

Monostable operation of the common-emitter combination

is also easily obtained, as shown in 52a. The operation of the

circuit is illustrated in Fig. 52b, which shows that the stable

Q+vcc

f<L--,

OUTPUT

I
j
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point on the composite characteristic is established when the

transistor is "on" and saturated. A trigger pulse of current

momentarily switches the tunnel diode to the low state, and

turns the transistor off. The inductance L then allows the

current in the tunnel diode to increase towards Ij. When this

current, plus the current Ig, exceeds the peak current of the

tunnel diode (Imai = Ip)- it switches to the high state, the cir-

cuit returns to stable point, and the transistor is turned on and

saturated. The pulse width or delay time is the off-time of the

transistor and is given by

toff —

Rj Rh

R
In

Dl

Ii (Id Ixrig)

-^1 ^max
(26)

and Ii, Id, Ixrig- ^iid l^^^ are definedwhere Rj. =
Kj + Kb

in Fig. 52b.

Fig. 52c shows a practical example of a common-emitter

hybrid monostable circuit. This circuit has a maximum repeti-

tion rate of 25 megacycles per second and a delay time of 20

nanoseconds.

An astable multivibrator circuit is shown in Fig. 53a; the

operation of the circuit is described in Fig. 53b. This circuit

is astable because the dc load line formed by Rl intersects the

composite characteristic in the negative-resistance region. The

inductance L causes the circuit to follow the switching trajec-

tory ABCD. As a result, the transistor switches on and off at

a rate determined by L and the slope of the composite charac-

teristic in both the on and off regions. When these slopes are

Fig. 53. (a) Common-emitter astable circuit and

(b) operating characteristic.
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approximated by Rg and Rj, as shown in Fig. 53b, the on and

off times are given by

Rl + 1^2

L
tnff ==

Rt

In

In

(I2 +
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+ VcCf

Fig. 54. Hybrid ring counter.

the collector of T^ rises toward +Voo. current flows through

Ro and C into the base circuit of Tg. This instantaneous cur-

rent is greater than the sum of the input current and the peak

current of TDj. Therefore, TDg is switched to the high state,

and T2 is turned on to the "1" state. Because the current

through C decays exponentially as it charges toward V^r. the

input current must be terminated before the capacitor current

becomes small enough to return TDg to its low state. Thus,

the following two conditions on input-pulse length must be

satisfied for effective operation

:

INPUT-PULSE LENGTH > TRANSISTOR TURN-OFF TIME

INPUT-PULSE LENGTH < TURN-OFF TIME -t-

CURRENT DECAY TIME

These conditions are achieved by proper selection of C^

to provide the necessary differentiated waveform from the input.

A shift register using the common-emitter bistable circuit

is shown in Fig. 55. This shift register uses two of the basic

bistable units to form one stage. The message is read into Tj

and then shifted by a channel-A clear pulse to Ti' for temporary

storage so that Tj can receive the next bit. The channel-B

clear pulse follows the channel-A clear pulse so that the first
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+vcc

O-

CLEAR B

o

T
+v,cc

\T2'

V^

Fig. 55. Hybrid shift register using two bistable

units.

bit is shifted into T2 before the next clear pulse from A is

generated.

Fig. 56 shows a shift register which uses only one basic

bistable unit to form a stage. In this circuit, small time delays

are necessary to prevent the signal from the previous stage
from appearing at the same time as the shift pulse. This shift

register therefore uses a dynamic type of temporary storage

+ VCC(

MESSAGE

O-i-
SHIFT PULSE

Fig. 56. Hybrid shift register using one bistable
unit.
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rather than the static temporary storage used in Fig. 55.

Common-Base Circuits

The common-base configuration is the fastest of the tunnel-

diode and transistor combinations, because the tunnel diode

provides all the current gain at very high speed. Consequently,

common-base operation appears to be the best selection for

high-speed logic circuits. Hov^ever, common-emitter circuits

offer much higher current-gain possibilities and, therefore,

larger fan-in and fan-out for the same component tolerances.

Consequently, if lower speeds are acceptable, common-emitter
circuits are the best choice.

The basic common-base hybrid logic gate is shown in Fig.

57a; a practical example of this circuit is shown in Fig. 57b.

RESET -Vbb

INPUTS

W<
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The operation of this circuit as an OR or AND gate is de-

pendent upon the bias current Ig and the number of inputs n,

as shown in Figs. 58 and 59. In both cases, it is assumed that

a current Ig flows into each of the inputs when the gate is

not energized. The effect of a pulse at any one of the inputs

is that the current out of the tunnel-diode node is increased by
the amount Is.
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tunnel diode determines which of the transistors becomes en-

ergized. When the tunnel diode is in the low state, transistor

Tj is not conducting and T^ is conducting. When the tunnel

diode is switched to the high state by the proper input, Tj is

made to conduct, and Tg is effectively cut off because it re-

ceives only the base current from Tj.

The unique current-routing properties of the complemen-
tary-gate circuit permit the design of many simple circuits

offering both improvements in speed and savings in components.
Among these circuits is the binary adder shown in Fig, 61a.

The operation of this circuit assumes that a "0" input cor-

responds to the current Ig, and, that a "1" drops the input

current to zero. Therefore, if all inputs are "0", the net cur-

rent out of node A is zero, and both transistors are cut off (Cn
and Sn equal "0").

RESET

O CARRY (Cfg)

OSUM (Sm)

Fig. 61a. Hybrid full-adder circuit.

If any one of the inputs becomes negative, the net current

out of node A is Ig. Because Ig is less than the peak current I,„

it flows entirely through the tunnel diode and in transistor Tg,

which is then turned on and saturated while Tj remains cut

off (Cn = 0, S;, = 1). When any two of the inputs go to "1",

the net current out of node A is 2 X Ig', because this current is

then greater than I,,, the tunnel diode is switched to the high

state. Hence, all this current (2 X Ig) flows in Tj, and Tg is

essentially cut off because it receives only the base current of

Ti (Cn = 1, Sn = 0).

If all three inputs are "1", the current out of node A is

3 X Ig; as a result, the tunnel diode is in the high state and

transistor Tj is conducting. However, the collector circuit is

designed so that Tj saturates at a current of 2 X Ig. This con-

dition means that the net base-current flow of Tj must be ap-
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proximately Ig (assuming negligible current through the tunnel

diode). Therefore, Tg is receiving a current Ig and is also on
and saturated (and the outputs C^ = 1, S^, = 1 are achieved).

Fig. 61b shows a practical example of the binary adder
circuit. The typical propagation delay for this circuit is eight

nanoseconds for "carry", and 16 nanoseconds for "sum". In

this example, the C^ output can be used to drive the C^ input

of the n + 1 state.

05 V
TYPE

^'-l^v. IN955

-Ocn

-Osn

Fig. 61b. Practical example of binary adder circuit.
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M
MICROWAVE
OSCILLATORS

i UNNEL diodes hold great promise as microwave
oscillators because they are not limited by transit-time effects.

Specially constructed experimental units have produced funda-
mental oscillations at frequencies as high as 100 gigacycles.^'' ^^

Commercially available tunnel diodes can be used in oscillators

having useful powder outputs at frequencies as high as X-
band."-i8

Compared to vacuum tubes, tunnel diode oscillators are in-

expensive, require only a fraction of a volt dc bias, and are

rugged and reliable in severe environments. Compared to tran-

sistor-driven varactor frequency-multiplier circuits, they are

simple and compact, and afford higher dc-to-rf conversion ef-

ficiencies.

CIRCUIT ANALYSIS

Practical microwave tunnel-diode oscillators generally use

transmission-line or waveguide circuits. For the following

analysis, however, the much simpler case of lumped-element
circuits is considered. Many properties of distributed oscilla-

tor circuits can also be determined from such an analysis. In

addition, lumped circuits themselves are of considerable prac-

tical interest for many applications.

Fig. 62 shows an equivalent tunnel-diode circuit which
is useful for analysis of oscillator circuits at frequencies

up to X-band. For rf applications, Rj (v) in Fig. 62 repre-

sents the incremental junction resistance at the bias point

(Rj (v) = dv/dlj). For most of the region of interest, this

quantity is negative.

66
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O Ls
-diSSLr-

Cj(v)

-A/v^^

-o

Fig. 62. Tunnel-diode equivalent circuit for micro-

wave frequencies.

The junction capacitance Cj(v) is given by the following

relation

:

Cj(v) = K (0 - v)-i/2 (28)

where <^ is the contact potential (approximately 0.8 volt for

germanium and 1.1 volt for gallium arsenide) and K is a

constant.

From Fig. 62, the impedance of the tunnel diode Z^ at its

terminals is given by

Zd — Ra
R,

R,2 C,^ + 1
<('+ j (wL,

Rj2 Cj CO

Rj2 Cj2 0,2 + t)
(29)

From this expression, two parameters of a tunnel diode

may be derived which are of prime importance in the consid-

eration of rf oscillation. The first of these is the resistive cut-

off frequency, i.e., the frequency above which the real part of

the diode impedance is positive. This frequency f^g is given by

f,„ =
277

I
Rj

I
Cj R„

(30)

The second important parameter is the self-resonant fre-

quency, i.e., the frequency at which the imaginary part of the

diode impedance is zero. This frequency f^^^ is given by

*''° ~
27r L,Cj R/C/

(31)

Below self-resonance, the diode is capacitive; above self-

resonance, it is inductive. It is obvious that a tunnel diode does
not oscillate at frequencies above t^o- (Harmonies, however,
may be produced at frequencies several times f^o-)

OPERATION BELOW SELF-RESONANCE

The circuit shown in Fig. 63a represents the simplest
tunnel-diode oscillator for frequencies below self-resonance.
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TUNNEL DIODE

^"b

tb)

Fig. 63. Tunnel-diode circuits for operation below
self-resonance.

This arrangement consists of a tunnel diode shunted by a series

inductance L^, a series resistance R^ and a do voltage source

Vb, which is usually a battery. If, as in many cases, the lead

inductance associated with V^ is much greater than the desired

value of Lj, the circuit shown in Fig. 63b may be used. In this

circuit, the resistor R^. may be placed very close to the diode.

As a result, the inductance of the bias leads L,, does not affect

the operation of the circuit, provided both R|,i and Rh2 are

much larger than R^.

The complete solution of the circuit of Fig. 63 may be ob-

tained by use of Kirchhoff's current-and-voltage-law equations.

These expressions are nonlinear differential equations, and
their solutions^" yield the transient response of the network.

In most practical cases, however, only the steady-state condi-

tions are of interest, and they may be found quite simply from
the requirement that the total circuit impedance be zero in the

steady state. This requirement leads to the following equation:
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Zt = R + J WsL =

(32)

where R = R^ + Re, L = L, + L^, cOj, in the steady-state fre-

quency of oscillation, and Rj^ and Cjp are the effective steady-

state values of Rj and Cj, respectively.

Exact evaluations of Rj^ and Cje are difficult, and require

lengthy graphical or numerical calculations. However, these

terms may be replaced, to a first approximation, by their aver-

age values Rj and Cj. As a result, Eq. (32) becomes

I
Ri I . / Ri^CiCO, \

Rj2Cj^w,2 + 1 \ Rj-Cj2a), + 1 /

Because both the real and imaginary parts of Eq. (33)

must simultaneously be equal to zero, the following equivalent

solutions for the steady-state frequency of oscillation result:

27r I RJ C- V r-Tr: -1 ^34)

and

27^^27r V (L, + L,) Cj Ri-'Cj2
^^S)

A comparison of Eqs. (30) and (34) shows that the circuit

of Fig. 63 cannot oscillate at frequencies above the cutoff fre-

quency fro. (The resistive cutoff frequency is sometimes called

the maximum frequency of oscillation. However, the amplitude
of oscillation approaches zero as the oscillation frequency ap-
proaches fro.)

A comparison of Eqs. (31) and (35) shows also that the
circuit of Fig. 63 cannot oscillate at frequencies above the
self-resonant frequency f^^,.

From Eqs. (34) and (35), a relationship may be obtained
between the various circuit parameters

:

L = R
I
Rj

I
Cj (36)

Eq. (36) expresses the equilibrium conditions for steady-state
oscillations.
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OPERATION ABOVE SELF-RESONANCE

Above self-resonance, the tunnel diode is inductive; there-

fore, oscillation at frequencies above self-resonance can only

be achieved if the circuit presents a capacitive reactance to the

diode at the frequency of oscillation. Such a circuit is shown
in Fig. 64a; again, the circuit shown in Fig. 64b should be used
if bias-lead inductance is appreciable.

-TUNNEL DIODE

r" '-^

[Rj MV> J:;Cj (V)

l__

:Vb

._^:
-TUNNEL DIODE

1

Fig. 64.

?Rs

I
Cj(v)

Lb

(b)

Tunnel-diode circuits for operation above
self-resonance.

By use of the same mathematical analysis as in the pre-

ceding section, the expression for the steady-state frequency
of oscillation <«„ is found to be^''

&>8 W I
Rj

I

- (R, + R,)

L„ IRjl Cj -f R,C, (IRJ CjR„ - L,)
(37)

A suitable choice of circuit parameters can result in an
oscillation frequency higher than the maximum self-resonant

frequency of the diode. (Of course, the cutoff frequency must
also be higher than the self-resonant frequency.) As shown in
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the following section, however, smaller power outputs are ob-

tained above self-resonance; for this reason, the usefulness of

such circuits is limited.

POWER OUTPUT

The rf power output P delivered by a linear negative re-

sistance is given by

P = i.v. (38)

where I^ and V^ are the rms values of current through and volt-

age across the negative resistance, respectively. Although an
exact formula for the power delivered by a nonlinear resistance

is difficult to derive, a good approximation may be obtained by
expressing the current as a cubic function of the voltage, as

follows

:

I « g,V-' - g,Va - gi V 39)

Fig. 65 shows that the curve for Eq. (39) follows the actual

tunnel-diode characteristic fairly well, provided the voltage ex-

cursion is not too great. If Eq. (39) is used, and it is assumed

GERMANIUM TUNNEL DIODE
CUBIC APPROXIMATION

0.10 0.30

Fig. 65.

0,20

BIAS VOLTAGE CVOLTS)

Germanium tunnel-diode characteristic and
cubic approximation.

that Rs is much less than
| Rj

| , the power output is given by

P « %6 dp - I,) (V, - Vp) (40)
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Experimental results have agreed quite well with Eq. (40)

for diode operation at frequencies considerably below cutoff.

As mentioned previously, the permissible voltage excursion (or

deviation of Rj from its minimum negative value) deci-eases as

the cutoff frequency is approached, and, as a result, the power
output is reduced. The value given by Eq. (40) is approached

only when the oscillation frequency is not greater than ap-

proximately one-third of f^^.

DISTRIBUTED-CIRCUIT OSCILLATORS

At frequencies above a few hundred megacycles, it is

usually necessary to use distributed-circuit resonators (trans-

mission lines or waveguides). The mathematical description

of oscillators of this type, in which the tunnel diode and its

package are considered as distributed elements in the resona-

tor, involves the solution of very difficult nonlinear partial

differential equations. The solutions are simplified, however,

when it can be assumed that the oscillator consists of lumped

elements connected by uniform transmission lines. RCA tun-

nel diodes are small enough to be treated in this manner up

to frequencies above X-band, and stabilizing resistors may be

fabricated of approximately the same size.

The steady-state oscillation conditions for distributed-

circuit oscillators may be determined in the same way as for

lumped-circuit oscillators. It is more convenient, however, to

use the admittance rather than the impedance representation

of the tunnel diode. The admittance Yj, is given by

E._ '».'

(o, E,C,)» +
In —

1
•>

^
'"^^

(ft, R.cpa + i;

\ ' ((uRjCj)2 + l) +
^

'"^''
(aRfi)^ + 1 J (41)

(For large oscillations, the effective values Rje and Cjp may
differ substantially from their small-signal values; except at

frequencies near self-resonance, however, the value of Z,, is

not radically altered and the bias-point values may be used as

a fair approximation.)

Fig. 66 shows the conductance and susceptance terms of

Eq. (41) as functions of frequency for a particular tunnel

diode. The oscillator circuit must be designed so that the values

of conductance and susceptance presented to the diode are the

negatives of the values in Fig. 66 at the frequency of oscilla-

tion chosen.
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500 1000

FREQUENCY—M EGACYCLES
1500

Fig. 66. Conductance and susceptance as a func-

tion of frequency.

Fig. 67 shows a simple oscillator circuit consisting of a

tunnel diode and its stabilizing resistor connected at appro-
priate points to an open-circuited transmission line. As shown

L BIAS

RF CHOKE

OPEN
CIRCUITED

TRANSMISSION
LINE

STABILIZING^
RESISTOR

Fig. 67. Single-transmission-line oscillator.

in Fig. 68, circuits of this type are easily realized in strip-
transmission line. The admittance Y,. of this circuit presented
to the tunnel diode is given by
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TUNNEL DIODE , / DC INPUT

\ / STABILIZING
/ RESISTOR

RF OUTPUT

Fig. 68. Strip-transmission-line cavity oscillator.

1

Z,
[ ( -^ )

^
sin2 ;8 Si + cos2 (3 s^ ^

j r 1 - (Zo/Z,)2 sin 13 Sj cos /? Si -i

tan /? s, -I
^- (42)

Zo L
^

(Zo/Z,)2 sin^ /3 Si -f cos /? Si J

Fig. 69 shows another practical circuit, the re-entrant strip-

transmission-line circuit. For this circuit, the admittance is

given by

Y„ =

+

1 r £2 1 A r B2
1

^^ ^~z7 L A2 + (zyz,)2 J
+ ^ "z7La2 + (z„/z,)2 JA2 -t- (Z

DC INPUT

A2 + (Z„/Z,

RF OUTPUT-

(43)

-TUNNEL DIODE STABILIZING RESISTOR

Fig. 69. Re-entrant-cavity strip-transmission-line

oscillator.
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The terms used in Eqs. (42) and (43) are defined as follows:

Z(, = characteristic impedance of transmission line

Zj = impedance of stablizing resistor

P = propagation constant of the transmission line

A = cot ^Si + cot ySsg

B = CSC /3si + CSC ;8s2

The terms Sj and s^ ^I'e defined in Figs. 67 and 68. (Eqs. (42)

and (43) neglect the effects of rf-output loading.)

Fig. 70 shows curves of Eq. (42) as a function of s/X, where
s = Sj + S2 for three different values of s^. This equation is

normalized to the characteristic admittance, Y^ (Y^ = 1/Z„),

and X is the transmission-line wavelength at the frequency of

oscillation (In this case, "LJZ^ = Vs.) Fig. 71 shows similar
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curves for Eq. (43) for three different values of 'LJ'L^, where
Si/s = %. These illustrations show that it is possible to vary
the conductance and susceptance of tunnel-diode oscillator cir-

cuits over a wide range by adjustment of Sj, Sg, and Zr. In par-

ticular, the circuit shown in Fig. 68 can be adapted to a

-2

-4

-6

6

4

2
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The frequency of oscillation may also be varied by a change

in the bias voltage.^i' 22 Such a change causes variations in

both Cj and Rj. Eqs. (36) and (37) show the effects of these

variations in lumped circuits. In the case of distributed cir-

cuits, the mathematical description is much more difficult and

as a result, no expression for the change in frequency vs^ith Rj

and Cj has been obtained in closed form. Hovi^ever, because

the net admittance of the tunnel diode and the circuit must be

zero at the frequency of oscillation, the problem may be solved

graphically or numerically. The relative change in frequency

for a given change in bias voltage depends largely on the Q of

the circuit; lov7-Q strip-transmission-line oscillator circuits

have been voltage-tuned over frequency ranges as high as 12

per cent. On the other hand, high-Q ridged-vs^aveguide oscilla-

tors have been built for vs'hich the frequency of oscillation varied

less than 0.6 per cent for a bias-voltage variation over the en-

tire negative-resistance region.

OUTPUT LOADING

Thus far, the effects of the output load on tunnel-diode

oscillator performance have been ignored. Variations in load

impedance cause frequency pulling or shifting, as in a klystron

or magnetron. The degree to which pulling occurs depends
upon the Q of the circuit and upon the degree of coupling of

the load to the circuit. Decoupling tends to reduce pulling, but

severe decoupling reduces the power output.

Frequency stability and power output with load variation

also depend upon the particular value of the load impedance
chosen. This dependence is best illustrated by reference to a

Rieke diagram. This type of diagram shows curves of constant

power output and frequency deviation in the complex reflection-

coefficient plane. From such a diagram, the optimum load im-

pedance for maximum power output may be determined, and
oscillator behavior under other load conditions may be studied.

A Rieke diagram is usually plotted on a Smith Chart.

Fig. 72 is a Rieke diagram for a 3530-megacycle re-entrant

cavity strip-transmission-line oscillator, showing that maxi-
mum power output is delivered to a slightly reactive load hav-

ing a voltage standing-wave ratio of about three. A slight

variation in this load impedance causes a relatively large

change in frequency of oscillation because the frequency con-

tours converge toward the top of the diagram. Greater fre-

quency stability can be attained by use of a load impedance in

the lower region of the diagram at the cost of reduced power
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output. In general, the choice of load impedance is a compro-
mise between frequency stability and power output.

POWER OUTPUT X 10 ^ WATTS
CONSTANT FREQUENCY CONTOURS

WAVELENGTHS TOWARD GENERATOR

0.35 0.15

Fig. 72. Rieke diagram for 3530-megacycle tunnel-

diode oscillator.

FREQUENCY LOCKING

The frequency of a tunnel-diode oscillator can be locked to

that of an external signal several orders of magnitude smaller

in amplitude, provided the locking signal is close in frequency

to the natural frequency of the oscillator. Locking signals as

much as 40 db below the oscillator power output have been

successfully employed. Harmonic locking is also possible. Thus,

a microwave tunnel-diode oscillator may be locked to a tran-

sistor oscillator operating at a fraction of the microwave fre-

quency. The fractional frequency stability of the tunnel-diode

oscillator is then the same as that of the locking oscillator. A
crystal-controlled transistor oscillator may be employed to

provide a very high degree of frequency stability.
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An efficient means of injecting the locking signal, without
loss of power output, is the use of a hybrid ring. Two similar

tunnel-diode oscillators may be connected to two arms of the

hybrid, while the third arm is connected to the locking signal

source. The locked signal is taken out at the fourth arm.

PARALLEL OSCILLATORS

A hybrid may also be used to connect three tunnel-diode

oscillators in parallel, and thus obtain power output almost

equal to the sum of the individual power outputs. Several such
hybrid circuits may, in turn, be connected together to increase

the number of paralleled oscillators.

DESIGN EXAMPLE

As a practical example of a microwave tunnel-diode oscil-

lator, the equations derived above may be applied to the strip-

transmission-line cavity oscillator of Fig. 68. A typical cir-

cuit of this type may be made to produce substantial power
output at frequencies in L- and S-bands. The example uses an
RCA-40058 gallium arsenide tunnel diode, which has the fol-

lowing characteristics.

Peak current Ip = 50 milliamperes

Incremental resistance
I
Rj

|
= 4.4 ohms

Junction capacitance Cj = 6 picofarads

Series inductance L^ = 0.4 nanohenries

Series resistance R,, = 2 ohms
Resistive cutoff frequency f^ — 6.6 gigacycles

The design objectives for the oscillator are as follows:

Steady-rate frequency of oscillation fg = 2 gigacycles

Power output P = 3.7 milliwatts (theoretical)

The design procedure is to find the diode admittance, by
means of Eq. (41), and then to select appropriate circuit pa-

rameters so that the circuit admittance, as given by Eq. (42),

is the negative of the diode admittance at a frequency of two
gigacycles.

By means of the above tunnel-diode characteristics, the
diode admittance Y^, at two gigacycles is found to be:

Yd = Gd + j Bjo

= - 0.109 — j 0.212 mhos (44)
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The circuit must be designed so that the real and imaginary
parts of Ye are equal to the negatives of the real and imaginary
parts of Ya, respectively. Therefore, from Eq. (42)

^1!
[ I ~z^ 1 sin2 ^ Sj + cos y9 Si = 1/Gd (45)

and

J
1 -

^
—

j
sin ^ s, cos ^ s, ,

-- tan ^ S2 + ^" -. ., = B, (46)

(.:)
sin- /? Si + cos2 /J Si

If values for Z^ (the characteristic impedance of the strip

transmission line) and Z^ (the impedance of the stabilizing re-

sistor) are chosen, Eq. (45) may be solved for s^. The optimum
value of the stabilizing resistor must be chosen empirically.

However, its value must be approximately equal to | Rj | to

provide a monostable operating point which is necessary to

produce sinusoidal oscillations. For this example, Z^ is arbi-

trarily chosen to be five ohms.
Next, Z„ must be chosen sufficiently low so that the line in-

ductance is low enough to prevent oscillation in a spurious low-

frequency mode. In general, Z^, should be substantially lower

than
I
Rj

I
; in this case, Z„ is chosen to be one ohm.

The following trigonometric identities are then used:

cos2 cc = 1/2 (1 + cos 2 oc )

sin2 oc = 1/2 (1 - cos 2 oc) (47)

Eq. (45) may be solved for cos 2/3 Sj, as follows:

2 / Z„ \

2

COS 2 /3 Si = m
{^.S

1

(48)

When the values of G,j, Z„ and Z^ are determined, it is seen
from Eq. (48) that

cos 2/? s, = 0.82 (49)

The value of /? Sj is then given by

^ Si = 27r (0.0486) radians (50)
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When this value of yS s^ is substituted in Eq. (46), ^ Sj is

given by

^ Sa = 277 (0.268) radians (51)

Because /3 = 27r/Xg, Eqs. (50) and (51) may then be solved for

Sj^ and S2 as follows:

Si = 0.0486 \g
Sa = 0.268 kg (52)

If teflon-fiberglas dielectric strip transmission line is used

(this type of line has a relative dielectric constant of approxi-

mately 2.5), the transmission line wavelength Xg at two giga-

cycles is 3.68 inches. Copper-clad teiion fiberglas material is

commercially available having dielectric thicknesses ranging
from a few thousandths of an inch or less, to as much as a quar-

ter of an inch. Information is available in the literature on
the design parameters of strip-transmission line.
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MICROWAVE
AMPLIFIERS

i UNNEL-DIODE amplifiers can be useful as low-noise rf

amplifiers in the front end of microwave receivers.^^ Although

lower noise figures can be obtained with masers and parametric

amplifiers, tunnel-diode amplifiers are dc-activated, i.e., they

do not require ac pumping. As a result, tunnel-diode amplifiers

are most desirable for low-noise applications in which the pri-

mary considerations are low cost, small size and weight, and

low power drain.

Tunnel-diode amplifiers are inherently broadband devices

because a properly biased tunnel diode has a negative input

resistance at all frequencies from dc to the resistive cutoff

frequency. When this negative input resistance is combined

with a suitable coupling network, a circuit can be designed

having an over-all positive input impedance that provides am-

plification or power gain. Because of this wideband negative-

resistance characteristic, bandwidths in excess of an octave

can be readily obtained with tunnel-diode amplifiers.^"' ^^

Masers and parametric amplifiers require extensive develop-

ment before bandwidths in excess of ten per cent can be

achieved. The wideband negative resistance, however, makes

stabilization of tunnel-diode amplifiers an important develop-

mental problem.

Microwave tunnel-diode amplifiers are applicable to vari-

ous types of communications, radar, and countermeasures sys-

tems. In addition, the size and weight of these amplifiers is

attractive for tactical electronic equipment. Because of the

low power drain of tunnel-diode amplifiers, they should prove

quite useful in space applications such as communication satel-

lites. The relatively low cost of tunnel-diode amplifiers also

makes them strong contenders in line-of-sight radio-relay sys-

tems and phased-array radars.

82
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VARIOUS TYPES OF AMPLIFIER CIRCUITS

All tunnel-diode amplifier circuits employ diodes biased

in the negative-resistance region. Direct-coupled tunnel-diode

amplifiers are difficult to stabilize and are rarely used at micro-
wave frequencies. However, various types^^ of circuit tech-

niques can be used to achieve a positive input impedance for

tunnel-diode amplifiers. The advantages and disadvantages of

several methods are discussed below:
Traveling-Wave Tunnel-Diode Amplifiers. In this type of

circuit, several tunnel diodes are periodically spaced along a

transmission line, as shown in Fig. 73. Traveling-wave tunnel-

diode amplifiers were originally developed to achieve octave-

bandwidth amplification. However, because very broadband

Fig. 73. Traveling-wave tunnel-diode amplifier.

tunnel-diode amplifiers can be readily realized by other circuit

techniques, traveling-wave tunnel-diode amplifiers have not
been particularly popular. Nevertheless, some research on this

type of circuit is still being done.

Quarter-Wave Coupled Tunnel-Diode Amplifiers. In this

method, two tunnel diodes are separated by a length of trans-

mission line that is X/4 long at the design-center frequency
of the amplifier. An example of this circuit is shown in Fig.

74. This circuit requires a matched pair of tunnel diodes and

©

-o a

-o g

Fig. 74. Quarter-wave-coupled tunnel-diode amplifier.
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has not been used extensively at microwave frequencies.

Hybrid-Coupled Tunnel-Diode Amplifiers. This technique

uses a matched pair of tunnel diodes coupled to conjugate ports

of a hybrid or 3-db directional coupler, as shown in Fig. 75.

Fig. 75. Hybrid-coupled tunnel-diode amplifier.

A hybrid coupler is a four-port network that can deliver half

the power incident upon port No. 1 to ports Nos. 2 and 3. The
fourth port is isolated from the input port by 20 to 40 db. If

two signals are delivered to ports Nos. 2 and 3, the hybrid can

also combine these signals. In a tunnel-diode amplifier, the

hybrid used must provide power division with quadrature

phase between outputs. Hybrids such as the "magic-T" or

"rat-race" are not applicable unless an external quarter-wave

coupling line is used for one of the tunnel diodes. This re-

quirement makes the amplifier more frequency-sensitive and,

as a result, is generally not desirable.

Circulator-Coupled Tunnel-Diode Amplifiers. The circula-

tor-coupled amplifier is the preferred approach for most tunnel-

diode applications at microwave frequencies. This type of

circuit uses a ferrite circulator and only one tunnel diode, as

shown in Fig. 76. The ferrite circulator is a non-reciprocal

Fig. 76. Circulator-coupled tunnel-diode amplifier.
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device having low insertion loss (in the order of a few tenths

of a db) in the forward direction and a high insertion loss

(about 20 db) in the reverse direction. Fig. 77 shows another

type of circulator-coupled amplifier which uses four ports.

This method offers better amplifier stability than the three-

port circuit.

AMPLIFIER
OUTPUT

DUMMY LOAD

Fig. 77. Circulator-coupled tunnel-diode

having a four-port circulator.

amplifier

GAIN BANDWIDTH

The circuit parameters of tunnel-diode amplifiers can be

combined to form several convenient design values i^®

ft)o^ =
LC,

/3 \Woj

V =

y =

= ^-^ z^ =

z
6 = R«

R,
(53)

where Z^ is the source-load impedance of the quarter-wave-

coupled, hybrid-coupled, or circulator-coupled tunnel-diode

amplifiers; L is the over-all series inductance, including both

tunnel-diode lead inductance and external wiring; and o) is the

angular frequency (27r X the signal frequency f„).

If an ideal hybrid having source-load impedance equal

to Zo is assumed, the gain G for a hybrid-coupled tunnel-diode
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amplifier^'' is given by

G = 10 log
I
r

I

2 (54)

where [ F |
is the magnitude of the voltage-reflection coeffi-

cient of the tunnel-diode network.

By substitution of the parameters of the tunnel-diode net-

work for
I

r
I

^, Eq. (54) can be rewritten as follows

:

G = 10 1ogr
^^^-^-^ + ^^^-^^^^^+^^^-^^^^M db (55)

If the dissipative resistance of the tunnel diode is neglected

(i.e., = 0), the expression for gain becomes

r (^2 _ 1 _ )2 + ^2 (y + „/^)2 -,

G = 10 log — '- '—^—- db (56)

This expression is for a low-pass prototype circuit in which
the lead inductance of the diode acts as a peaking coil. This

effect can be seen in Fig. 78, which shows the gain of tunnel-

diode amplifiers as a function of the normalized frequency for

various degrees of peaking (i.e., different values of the parame-

R
_ I

LCj
ter y — — -). Larger values of this parameter are

Rj

used for higher low-frequency values of gain.

If both the lead inductance and junction capacitance of

the tunnel diode are neglected, the amplifier gain at dc is

given by

G = 20 log db (57)[^]
Typical values of tj for practical tunnel-diode amplifiers range

from 0.5 to about 0.8.

If the spreading resistance and the lead inductance are

neglected, the gain of the tunnel-diode amplifier is given by

r (1 -f 7i)2 + W2 -I

^ = ^" ^°4 (1 - i^)- 4- wj -^^ ''''

where W= 277fCjZo. For a high-gain amplifier (i.e., the value

of G approaches oo), the gain-bandwidth product BG^/^ jg given

by



MICROWAVE AMPLIFIERS 87

26

24

20

7, = .5j
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NF=l + :l[^^ ^ _7:'Z , ; rT-::l +
4

GL (1-17-6*- y32)2 + j82 (y -rj/y — Q/yY'

4
e/r]

^\\\^^ ^^^ V ""T'x i/r^
:]"^^'[^

rj 1 + /3Vy2 J ' ^ L r? 1 + /3Vy2 J

(60a)

where NF is the noise figure as a power ratio and I^ is the

static current at the operating point of the tunnel diode. If

the inductance is omitted, this equation can be reduced to the
following expression:

l+Ti _Ll r 1 + 20IJR,

G L GJ L(l - R./IRjl) (1 - f,/f,o)2

where fr„ is the resistive cutoff frequency.

For a perfect amplifier, the noise figure is equal to unity.

For practical amplifiers, the component of the noise figure

greater than unity is called the excess noise. The second term
in Eq. (60a) is the excess noise caused by shot noise; the third

term is excess noise caused by thermal noise in the dissipative

resistance of the tunnel diode.

The resistive cutoff frequency of the tunnel diode is given

by

Rj yo^o \ 1

l=^5tr-x^-l (61)
277-

1
Rj

I
Cj V Rs ~ 27r V <9

fro
For frequencies less than -^^

> the excess noise in the series
3

resistance can usually be neglected. If both j8 and are equal
to zero in Eq. (60a) and if the high-gain approximations of

4
Zq =

I
Rj

I
and G approximately equal to are used,

(1 — r))'^

the equation for noise figure reduces to

NF = 1 + 20 I„
I
Rj

I (62)

The factor (20 I„
I

Rj
I

) is a function of temperature and is

sometimes called the noise constant of the tunnel diode. For
germanium tunnel diodes, the noise constant is usually equal
to at least 1.1; as a result, the minimum noise figure is about
3.6 db. Lower room-temperature noise figures can be achieved
by use of gallium antimonide tunnel diodes; however, these
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devices are extremely temperature-sensitive, and the power re-

quired to regulate the temperature of a gallium antimonide
tunnel-diode amplifier makes such an amplifier much less at-

tractive for many applications.

Maximum gain in a tunnel-diode amplifier occurs when the

tunnel diode is biased at the point of inflection on its static

current-voltage characteristic curve. Minimum noise figure

occurs at a somewhat larger bias-voltage point. As a result,

amplifier bias is usually adjusted experimentally to minimize
the noise figure.

Eq. (62) can also be used as an approximate estimate of

the noise figures of other tunnel-diode amplifiers, such as

quarter-wave-coupled amplifiers.

STABILITY

The low-pass prototype tunnel-diode network displays a
negative resistance at its external coupling network over a

broad range of frequencies outside the useful bandwidth of

the amplifier. Consequently, parasitic oscillations (relaxation

and/or sinusoidal) may occur if special design precautions are

not observed. The first problem that must be investigated is

whether or not the tunnel diode being considered can be em-
ployed in a stable amplifier.-^i For lossy tunnel diodes, the fol-

lowing practical conditions are sufficient for stability:

R.— = g 0.5

y^ g 1.0 (63)

Depending upon the circuitry used to inject dc bias into

the tunnel diode, spurious relaxation oscillation can occur.

Typical tunnel-diode circuits have been analyzed from the

standpoint of freedom from these relaxation oscillations.^"' "i

Spurious rf oscillations are avoided if the tunnel-diode network
presents a positive input impedance to the external coupling

networks (i.e., hybrid or circulator) at all frequencies outside

the desired amplifier bandwidth that are less than the resistive

cutoff frequency of the diode. Amplifier bandwidths are re-

stricted to the passband of the hybrid or circulator.

The network shown in Fig. 79 is recommended for uncon-

ditionally stable microwave tunnel-diode amplifiers, i.e., ampli-

fiers which do not oscillate because of changes in source load
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impedance or dc bias. A band-reject filter is used between the
tunnel-diode network and the dc-bias source. The resistor R^.

is much less than the absolute value of the negative resistance.

'^^

INPUT

-A/vV-
Zo

OUTPUT

Fig. 79. Typical circuit of stable microwave tunnel-

diode amplifier.

When the band-reject filter is in its "stopband", the resistor

R,, does not act as a load in the tunnel-diode network. At this

point, a negative resistance is presented to the circulator and
gain is realized. When the band-reject filter is in its passband
(i.e., off resonance), R^ acts as a load in the tunnel-diode net-

work. In this case, a positive resistance is presented to the

circulator so that no gain and/or spurious oscillations occur.

The bandpass of a narrow-band tunnel-diode amplifier can

be shaped by the band-reject filter. The band-reject filter must
be free of spurious stopbands, and the resistor R^ must main-

tain its characteristics at all microwave frequencies below the

resistive cutoff frequency of the tunnel diode. For this reason,

tunnel-diode cutoff frequencies should be about three to four

times the highest value of the amplifier operating frequency.

Use of lower cutoff frequencies significantly degrades ampli-

fier noise figure; use of higher cutoff makes stabilization more

difficult.

Stable operation within the passband of the amplifier de-

pends upon the type of coupling network used and the voltage-

reflection coefficient of the input, output, and dummy loads.

For the hybrid-coupled tunnel-diode amplifier having an ideal
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hybrid, the stability threshold occurs when the following con-

dition exists:

I
rj

I
rj G = 1.0 (64)

where
| Fg | is the magnitude of the voltage-reflection coeffi-

cient of the source and | Fj, I
is the magnitude of the voltage-

reflection coefTicient of the load.

For a tunnel-diode amplifier using a three-port ideal circu-

lator, the stability threshold occurs when the following condi-

tion exists

:

I
rj

I TjJ Gi/2 = 1.0 (65)

For a tunnel-diode amplifier using a four-port ideal cir-

culator, the stability threshold occurs when the following con-

dition exists

:

! r,
I I

rj
I
r„

i

g^/^ = i.o (66)

where
| F,, | is the magnitude of the voltage-reflection coefficient

of the dummy load.

The most favorable conditions of passband stability can

usually be achieved by use of a four-port circulator because

the value of
| F„ |

which is equal to or less than 0.048 (i.e.,

when the VSWR is equal to or less than 1.10) can usually be

obtained readily.

(In the case of mismatched source-load impedances, Eqs.

(54) through (60) and (62) must be modified for the calcula-

tion of amplifier gain and noise figure.)

DYNAMIC RANGE

The dynamic range of a tunnel-diode amplifier is the range

of input signal levels that can be accommodated by the ampli-

fier. The lower limit of the dynamic range of a tunnel-diode

amplifier is determined by noise considerations; the upper limit

is limited by the large-signal saturation phenomena of the

tunnel diode as a device. (The upper limit usually extends to

the 3-db gain compression point.) The amplifier gain, the

nature of the input signals, and the tunnel diode being used

determine what large signals can cause in significant inter-

modulation, crossmodulation, and harmonic outputs.-^^, s3 por

typical microwave low-noise tunnel-diode amplifiers, saturation

occurs at signal-input levels between —25 and —50 dbm. In

general, saturation occurs at somewhat lower levels in tunnel-

diode amplifiers than in tunnel-diode converters or parametric

amplifiers and converters.
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MEASURED RESULTS

Fig. 80 shows the frequency response for a typical broad-
band hybrid-coupled tunnel-diode amplifier. This circuit does
not use a band-reject filter for nai row-banding. Germanium

3.0

BIAS =-120 MILLIVOLTS
|
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MICROWAVE
CONVERTERS

A RACTICALLY all existing low-noise uhf and micro-

wave receivers make use of the heterodyne principle, i.e., the

frequency of the received signal is shifted before high amplifi-

cation takes place. For frequencies above a few hundred mega-
cycles, crystal diodes have been almost universally used in the

frequency converters of such receivers. However, the best uhf

crystal converters have conversion losses of 3 to 4 db and noise

figures of 4 to 5 db; at microwave frequencies, both conversion

losses and noise figures are somewhat higher. Until the recent

advent of very-low noise preamplifiers such as masers, para-

metric amplifiers, and traveling-wave tubes, crystal frequency

converters were generally placed directly at the input of the

receiver. In more recent designs, a low-noise preamplifier has

been placed ahead of the crystal to provide very low receiver

noise figures.

There is little likelihood that the noise figure of crystal

mixers can be significantly improved by further research. Crys-

tal diodes, which are passive devices, must have some conver-

sion loss, and their noise figure must always equal or exceed

this loss. However, microwave diodes with a negative-resistance

region (tunnel diodes), exhibit active properties even at milli-

meter-wave frequencies.'^*

Tunnel-diode frequency converters have lower conversion

loss, lower noise figures, larger dynamic range, and greater

resistance to burn-out than crystal-diode converters; their

use could eliminate the need for preamplifiers in many appli-

cations.

94
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EQUIVALENT CIRCUIT

In a tunnel-diode frequency converter, an input signal of

frequency f^, and a local-oscillator signal of frequency f„ are

impressed across the nonlinear conductance of the diode. In

general, a complete set of sideband frequencies is produced,

i.e., all frequencies f^, „ = mf^ -|- nf^ (m and n take on all in-

tegral values) are present. However, in most practical conver-

ters, significant power flow takes place only at the input-signal

frequency f^, the oscillator-frequency f,„ the intermediate
frequency f; =

|
f j,
— f^

|
, and the image frequency f^ =

I
2fo — fs I

. In this case, the converter can be represented

by the linear three-port frequency-translation network shown
in Fig. 82, provided that the amplitude of the sinusoidal local-

oscillator voltage across the nonlinear conductance is much
greater than the sum of the amplitudes of the voltages at sig-

nal, intermediate, and image frequencies.^^

9o-29cl pol

Fig. 82. Equivalent linear three-port frequency-
translation network for tunnel-diode fre-

quency converter.

In Fig. 82, Yg is the total admittance at the signal fre-
quency connected across the nonlinear conductance; similarly,

Yk and Y, are, respectively, the total image- and intermediate-
frequency admittances. The quantity g„ is the average value of
the nonlinear conductance driven by the sinusoidal local os-
cillator, gel is the fundamental conversion conductance, and
g„2 is the second-harmonic conversion conductance. (The
equivalent circuit of Fig. 82 can also be used to calculate the
gain of a converter in which the signal mixes with the nth
harmonic of the local oscillator (f^ = 2nf(, — f^). In this case,

gel and ge2 must be replaced by g^n and g^an, respectively. The
values for g„, g^, and g^a are evaluated for germanium tunnel
diodes in reference 35.
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In practical positive nonlinear-conductance mixers, the

following inequalities must always be satisfied:'^''

go > 0, g„ > I goi I , g„ > I g„2 I
(67)

However, these restrictions do not apply to tunnel-diode con-

verters because tunnel diodes exhibit a negative conductance

over part of their current-voltage characteristic.

CONVERSION GAIN

Expressions for the conversion gain (i.e., the ratio of if

output power to the available signal power) can also be derived

from the equivalent circuit shown in Fig. 82. If, for simplicity,

it is assumed that Yg, Y^, and Y, are pure conductances equal

to the internal conductance of the generator gg, the image con-

ductance g,;, and the load conductance gj, respectively, then

the conversion gain K can be expressed as follows:

K = ^^'^-^^
(68)

(gg + gin)
2

where

M = gel (go + gk - Sc2)

(go + gk) (go + gi) - gel^

and where gi„, the input conductance, is given by

gci^ (2g,o - 2g„ — gfe) — (g„ + gi) (g,../ - g,r — gogk)
gi.

(g„ + gk) (go + gl) — Scl^

Passive converters must have conversion loss, as can be

shown by the insertion of Eq. (67) into Eq. (68). Tunnel-diode

converters, on the other hand, may have conversion gain when
any one of the inequalities in Eq. (67) is reversed. This con-

version gain can be made arbitrarily large, and approaches in-

finity as — gi„ approaches gg.

BANDWIDTH

The conversion gain of a nonlinear-conductance frequency

converter containing no reactances is independent of frequency.

Tunnel diodes, however, contain parasitic capacitances and in-

ductances ; as a result, the gain of tunnel-diode frequency con-

verters is frequency-dependent. With available tunnel diodes,



MICROWAVE CONVERTERS 97

the effect of these reactances is usually negligible at conven-

tional intermediate frequencies (30 megacycles or less), but

must be taken into account at uhf and microwave frequencies.

An approximate equivalent ac circuit for an encapsulated

tunnel diode consists of three elements connected in series

:

an inductance L^,, a resistance Rs, and a voltage-dependent re-

sistance Rj (v) (1/g) shunted by a voltage-dependent capaci-

tance Cj (v). hg results mainly from the inductance of the

housing; R^ is the resistance of the ohmic contact, the base,

and the internal leads of the package, and is a function of

frequency due to skin effect. Cj (v) is the junction capacitance*,

and Rj (v) is the total ae resistance of the junction, where v
is the voltage across Rj and Cj. The bandwidth of the converter

can be calculated in a straightforward fashion if R^, L^, and Cj

are incorporated into the admittances Y^,, Y^, and Yj of the

equivalent circuit of Fig. 82, and the equivalent circuit is then
used to calculate gain as a function of frequency. This cir-

cuit is shown in Fig. 83.

^0

Rs Ls

;lo

1

^i

IF OUTPUT

.(90" 9C|1

YS

Fig. 83. Equivalent circuit used for bandwidth cal
culation.

SPURIOUS OSCILLATIONS

A tunnel diode biased in its negative-resistance region, or
driven into this region by an applied local-oscillator voltage,
can generate rf oscillations. In autodyne frequency converters,'
advantage is taken of the self-oscillations of the tunnel diode

* The variation of Cj with voltage may be approximated for
voltages less than the valley voltage by Cj (v) t^ K((J)—v)-i/2
where K and $ are constants. For germanium, (J) is approximately
0.6 volt. For a diode driven by a sinusoidal local oscillator, the av-
erage value of Cj is approximately equal to the value of C at the
bias point.
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to supply the local-oscillator drive. In converters with external

local oscillators, however, self-oscillation must be prevented
because these oscillations cause spurious responses and in-

stabilities, and usually increase the noise of the converter.

Converter circuits that do not oscillate at any bias voltage

without local-oscillator drive are also stable at any bias when
driven by the local oscillator. This type of converter circuit

must use "stable" diodes, i.e., diodes for which the following

inequality exists :^^

L, < 3Rj2Cj (69)

For stable diodes, the limits on the maximum usable peak
current Ip and the minimum time constant RjC| are set by Eq.

(69) ; for unstable diodes, these parameters are limited only by
semiconductor fabrication techniques. Consequently, unstable

tunnel diodes are often useful in high-power or high-frequency

converters. (The power-handling capability of a diode is, in

general, proportional to Ip. Also, the cutoff frequency, i.e., the

frequency above which the real part of the diode impedance
becomes positive, is proportional to ( I

Rj
I

Cj)~i. It has been

found experimentally that spurious oscillations in converters

using unstable tunnel diodes can be prevented by use of a large

local-oscillator drive (V^ is more than 0.1 volt). This proce-

dure is most effective if the local-oscillator frequency is close

to the self-oscillation frequency of the converter.

NOISE FIGURE

The noise figure NF of a nonlinear-conductance converter

with short-circuited image impedance (Y^ = oo) and with real

input admittance can be written as follows:

T / Go g„ + g,)2 2(g„ + g,) G,i G„ \

NF = 1 + -- -^ + — 1

T„ V gggci-^ g^gc-i Sg I
(70)

where T is the ambient temperature and T,> is the standard

reference temperature and Go and G^i are the short-noise con-

ductances of the diode. (G„ and Gei are evaluated for germanium

tunnel diodes in reference 35.) In the derivation of Eq. (70), it

was assumed that the noise currents at the signal and inter-

mediate frequencies generated by the pumped nonlinear con-

ductance are fully correlated. Also, in accordance with the

IRE definition^*, the noise figure is written in terms of avail-

able noise output power, and does not take into account any

noise contributions from the if load.
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The noise figure of a tunnel-diode frequency converter,

like the noise figure of a passive converter, must always ex-

ceed unity. However, the minimum noise figure that can be

achieved with a tunnel-diode converter is lower than the mini-

mum noise figure of a passive converter because the conduc-

tances g„ and g,,i in a tunnel-diode converter are not restricted

by Eq. (67).

EXPERIMENTAL UHF AND MICROWAVE
TUNNEL-DIODE CONVERTERS

Fig. 84 shows a simplified equivalent circuit for a con-

verter with image rejection. Except for the dc bias circuit,

which is designed to prevent spurious oscillations while the

diode swings through the negative-resistance region, the

equivalent circuit is similar to conventional passive frequency
converters. The sizes of actual converters are generally com-
parable to those of miniaturized passive frequency converters.

Fig. 84. Simplified equivalent circuit for tunnel-
diode frequency-converter having image
rejection.

The conversion gain of a tunnel-diode frequency con-
verter can be adjusted to any convenient value by suitable

choice of diode and circuit parameters, bias voltage, and local-

oscillator drive. Converters having conversion gain of more
than a few db are very sensitive to variations in input im-
pedance. On the other hand, converters having zero conversion
gain, or conversion loss, are generally stable with input
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VSWR's exceeding 10:1 varied through all phases. Futher-

more, the lowest system noise figures (when a 30-megacycle if

amplifier having a 1.7 db noise figure is used) are obtained

with converters having conversion losses in the neighborhood

of zero db.

The system noise figure of a balanced L-band converter

is shown in Fig. 85 as a function of local-oscillator power.

{
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converter as a function of input power. The conversion loss

is increased by 3 db at an input of about 0.1 milliwatt. (In

some more recent experiments with balanced mixers, 3-db gain

compression occurred at a signal level of about one millivolt.

The bandwidth of these converters was 250 megacycles cen-

tered at a frequency of 1270 megacycles.) The sensitivity of

this converter to inputs at unwanted frequencies is comparable
to that of crystal-diode converters. For one-per-cent inter-

modulation distortion, the power in the unwanted signal is

about —30 dbm.
Burnout, i.e., detectable deterioration of performance, oc-

curred for cw powers of two watts, and for pulse energies of

170 ergs. These results show that tunnel diodes can handle
approximately one order of magnitude more cw power and
pulse energy than conventional point-contact mixer diodes.

Table IV lists the lowest system noise figures measured to

date. For this test, a 30-megacycle amplifier having a 1.7-db

noise figure was used. (The quoted single-sideband noise fig-

ures include the losses of the image-rejection filters.)

Table IV
Measured System Noise Figures

Local-Oscillator Signal Double-Sideband Single-Sideband
Frequency Frequency System Noise Figure System Noise

(Mc) (Mc) (db) Frequency
(Image Rejection,

lOdb)

482
780

1340
1340
2000

10400

512

1370

3.9

4.3

5.5

6.8

5.5
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xi IGH-CURRENT tunnel diodes are best utilized as low-

voltage inverters in circuits having low-impedance do power
sources.^8 They can be used for efficient inversion of the output

of solar cells, thermoelectric generators, or thermionic con-

verters. Other applications of these devices include overload

detectors in dc and ac power supplies, pulse generators, high-

speed switches, and oscillators.

High-current tunnel diodes are basically the same as con-

ventional tunnel diodes in theory and construction. However,
because of the high current involved, these diodes require a

relatively large junction area. As discussed in the section on

Characteristics, the peak current of tunnel diodes is directly

proportional to junction area for a given crystal carrier con-

centration. A further difference of high-current tunnel diodes

is the type of package used (RCA high-current devices gen-

erally use standard rectifier packages such as the DO-4 and the

DO-8). In addition, if these diodes are operated at their maxi-

mum ratings, it is necessary that they be fastened to external

heat sinks.

Conventional tunnel diodes and high-current tunnel diodes

differ also in the value of the series resistance R^. For high-

current tunnel diodes, the series resistance should be kept as

small as possible, generally in the order of 0.010 ohm, or less.

If series resistance is not small, the efficiency of high-current

tunnel diodes (especially when operated in inverter circuits)

decreases rapidly. Fig. 87 shows the effect of an increase in

series resistance on efficiency.

RCA high-current tunnel diodes combine large total junc-

tion areas and rugged packages into units of great mechanical

strength. In an experiment demonstrating this capability, a 10-

102
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-] X RCA-TYPE
^ 40068

i- 0.2 VOLTS

Fig. Low-voltage dc inversion circuit.

X-T^ RCA-TYPE
/ J \ 40068
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Although the efficiency of tunnel-diode inverters may seem
low compared to the efficiencies of transistorized inverters, it

must be remembered that transistors can only operate effi-

ciently at relatively high voltages (one volt or higher). At
lower voltage levels, tunnel diodes are considerably more ef-

fective, as shown in Fig. 91. At present the high voltages re-

quired for effective operation of transistorized inverters are

obtained from a series arrangement of low-voltage dc sources

(fuel cells, solar cells, thermoelectric generators). This method
is not as reliable as the use of parallel supplies because the

output of the entire series string is lost if only one cell opens.

Fig. 91.

2 4 6

SOURCE VOLTAGE VOLTS

Transistor and tunnel-diode efficiency as a

function of supply voltage.

The circuit shown in Fig. 88 is basically a relaxation os-

cillator. If the tunnel diode is biased in the negative region

(for germanium diodes approximately 0.11 to 0.33 volts), oscil-

lation having a trapezoidal waveform such as that shown in
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Fig. 92. Output for a tunnel-diode relaxation oscil-

lator.

Fig. 92 occurs, provided that the following conditions are met:

First, the total circuit resistance Rt, including diode series re-

sistance, must be less than the absolute value of negative

resistance of the diode at the operating point, as follows:

(Rt + R.) < I
Rj (74)

Second, the total circuit series inductance L^ must be greater

than the product of the total circuit resistance, the absolute

value of the negative resistance of the diode, and the junction

capacitance,*^ as follows

:

Lt > (Rt + Re) (I Rj
I ) (Cj) (75)

For high-current units, the second criteria is very easy to meet.

For example, some typical parameters for a 5-ampere diode

are: (Rj) = 0.02 ohm, C = 0.011 microfarad, L^^gj; = tive

nanohenries. When these values are substituted into Eq. (75),

it is seen that 5 x 10-9 > (0.02) (0.02) (1.1 x lO-s =
4.4 X 10-12. A.S a result, the inequality is true, and the second

requirement is met by the inductance of the diode package
alone.

The first requirement is not so easy to meet, however, be-

cause the negative resistance is so small. For a 20-ampere
germanium unit, the minimum negative resistance is about

0.006 ohm. As a result, the sum of the series resistance, the

power-supply resistance, the lead and contact resistances, and
the transformer primary resistance must be less than 6 milli-

ohms. Careful inverter design permits this requirement to be

met.

A theoretical analysis*'* of the single-tunnel-diode inverter

circuit under load and no-load conditions shows that maximum
efficiency is obtained when the diode oscillates with equal posi-

tive and negative periods. An approximate equation for the

frequency of a symmetrically oscillating loaded inverter is

given by
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1 (Vy — Vp)
f = — (76)

4L dp - ly)

where L is the inductance of the primary winding of the loaded

transformer.

The two-diode inverter circuit shown in Fig. 89 may be

described as either parallel or push-pull. This circuit has

three possible modes of operation which depend on the bias

voltage, load resistance, and transformer-winding polarity and

core material. If the transformer primary is wound in opposite

directions on each side of the center tap, a parallel mode of

operation similar to that of the single-diode inverter mode oc-

curs. Both diodes operate at the same frequency; the output

waveform is similar to that shown in Fig. 92.

If the primary is wound in the same direction throughout,

a push-pull arrangement results. The push-pull circuit con-

figuration has two possible modes of operation. When the

diodes operate in phase (symmetrically), efficiency is very low

because the currents are "bucking" each other in the trans-

former primary. If the diodes operate 180 degrees out of

phase (asymmetrically), the currents through the primary add

to each other. In this mode of operation, conversion efficiency

is high. The output waveform is symmetrical and approxi-

mately square, and its frequency is much lower than in the

parallel mode of operation. Several excellent analyses and

explanations of circuit operation for the push-pull inverter cir-

cuit are available in the literature.**-*''

EXPERIMENTAL CIRCUITS

In the inverter circuit shown in Fig. 88, the primary was
constructed of six turns of heavy (No. 14) enameled wire with

a center tap. Several hundred turns of fine wire were used for

the secondary. The core material used was Carpenter "49",

0.014 inch. A regulated dc power supply was used as the en-

ergy source. Figs. 93, 94, 95, and 96 show the variations in

tunnel-diode conversion efficiency and frequency as functions

of bias or load resistance for two temperature ranges. Input

dc power was measured with a dc ammeter and dc voltmeter.

The voltmeter was connected directly across the diode. The

transformer secondary was connected to a decade resistance

box. Output power was measured with a true-rms-reading volt-

meter, and computed by use of the following equation

:

Vo^
Po - -^ (77)
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BIAS = 236 MILLIVOLTS

H0RIZ0NTAL = 200/tSEC/Dl\/.

k

s
ffiiL L

BIAS =300 MILLIVOLTS
H0RIZ0NTAL=500/iSEC/DIV.

BIAS=I50 MILLIVOLTS
H0RIZ0NTAL = 200/iSEC/DIV.

Fig. 97. Waveforms for the singie-diode inverter.

heavy current only when it operates near the peak point; as a

result, the power supply must furnish a pulsating current.

In addition, the efficiency of the diode itself is materially

greater in the push-pull circuit than in single or parallel oper-

ation. In single or parallel operation, the diode operates at

high forward voltages (greater than valley voltage) for an ap-

preciable part of a cycle, and thus has increased dissipation

and loss. In the push-pull mode, the diode spends only a very

small fraction of a cycle at voltages beyond the valley point.

For the particular transformer used, push-pull operation could

be obtained only in the 200- to 280-millivolt region. Beyond
these points, the diodes switch to either the low-voltage or

high-voltage positive-resistance regions. A wider range of

operation would probably result if total external resistance

(transformer, connections, and the like) were reduced. Also,

if the load is made less than 190 ohms, the symmetrical mode
of operation results and, as predicted, the output power is re-

duced to zero. The critical secondary load resistance is then

given by

Kt - 2n^ I

RtIv] - [Vp + Rxlp]

If - Iv
(78)
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bias: 150 MILLIVOLTS
horizontal: 500 >iSEC/DIV.

bias: 300 MILLIVOLTS
horizontal: 500pSEC/DIV.

+« mimt
bias: 420 MILLIVOLTS
horizontal: I MS/DIV.

VERTICAL SENSITIVITY

UPPER TRACE =0.5V/DIV.

LOWER TRACE = 50.OV/DIV.

Fig. 98. Waveforms for single-diode inverter,

where R-r is the transformer primary-winding resistance and
n is the transformer turns ratio. If a lower load resistance is

used, the symmetrical mode of oscillation is destroyed, and no
power output results.
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At the same time, the base-to-emitter voltage of the transistor

effectively clamps the gallium arsenide diode below the point

in the forward-voltage region at which the degradation mechan-
ism of gallium arsenide becomes active.

-A/W-

GERMANIUM
TUNNEL
DIODE

CONVENTIONAL/
GERMANIUM

DIODE

SILICON
TRANSISTOR

Fig. 104. Method for "biasing-up" tunnel diodes.

Fig. 105 shows an example of a tunnel-diode overload-

sensor circuit. This circuit uses high-current tunnel diodes

and provides a fast-acting sensitive over-current detector

which can be used to protect sensitive loads from current

surges or overloads. Other circuit arrangements are possible

if the power supply is to be protected rather than the load.

HIGH-CURRENT
TUNNEL DIODE

-AVv- e
AC

(OR DC)
SOURCE

I I

POWER
TRANSISTOR

LOAD TO BE
; PROTECTED

Fig. 105. Tunnel-diode overload sensor.
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J. HE tunnel resistor is basically a parallel combination

of a tunnel diode and a resistor, integrated and miniaturized

to fit in the same package as a tunnel diode. The voltage-

current characteristic for this device is shown in Fig. 106. The

RESISTOR

Fig. 106.

V 0.100

Tunnel-resistor characteristic

TUNNEL
RESISTOR

0.250

resistor used is a special ultra-low inductance type. The in-

ductance must be kept extremely low to prevent oscillations

due to the tunnel-diode negative-resistance region. The flat

portion of the resistor characteristic is formed by matching the

positive resistance of the resistor to the steepest part of the

negative-resistance portion of the tunnel-diode characteristic.

The important parameters of the tunnel resistor include the

current level of the plateau (high resistance region), the volt-

age at either end of the plateau, and the degree of flatness of

the plateau.

The tunnel resistor is used primarily as a non-linear bias-

ing element in tunnel-diode logic circuits, especially in mono-

stable stages. In such applications, tunnel resistors offer

faster tunnel-diode recovery time and require less current for

triggering a stage than does a purely ohmic resistor. How-
ever, the principal advantage of the tunnel resistor is that it

118
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reduces the power dissipation. As shown in Fig. 107, the load

line of the tunnel resistor is nearly flat at operating point A
compared to the dashed line of a conventional resistor using
the same bias. As a result, the precise value of the bias volt-

age has much less effect on the operating current level of tun-

nel resistors. Thus a simulated constant-current load line can

be obtained by use of a tunnel resistor and a low-voltage source,

rather than a power-consuming current source. In the case

of an ohmic resistor, the same load line at operating point A
could only be achieved with a higher voltage source and, hence,

a much greater power dissipation.

Vb V

Fig. 107. Tunnel-diode having tunnel-resistor load.

HIGH-FREQUENCY SYNCHRONIZER

Many sampling oscilloscopes have inherent bandwidths
much greater than the trigger (sync) circuits of the scope can
handle. For example, although some sampling scopes have a

500-megacycle bandwidth, their trigger circuits cannot sync
on frequencies greater than 50 megacycles. Thus, if a 500-

megacycle signal is to be displayed, exact subharmonics of the
input signal must be generated to trigger the scope sweep
circuits. The tunnel diode is the only known device capable
of triggering scopes over such a wide frequency range. The
simple tunnel-diode counter shown in Fig. 108 can achieve

Cl

INPUT O )\

0.0056 300
fll OHMS

OUTPUT

~1 R4
2.7 OHMS

I
2 WATTS

I

I

-^-j-WIRE-WOUNO

J

Fig. 108. Tunnel-diode synchronizer.
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"countdowns" greater than 50 to 1, and can be used at fre-

quencies higher than 500 megacycles. The upper usable limit

is not known, but sine waves have been successfully displayed
up to 1.2 gigacycles on a sampling scope capable of handling
a maximum sync signal of only 100 megacycles.

Because of the high frequencies involved, loads should be
kept as short as possible in the circuit of Fig. 108. The input
combination of CiRj blocks dc and the ac output from the in-

put. (A small fraction of output signal, in the order of a few
millivolts, does appear at the input, however.) After the cir-

cuit is assembled, it may be quickly checked out by applica-

tion of a dc voltage of five to seven volts and observation of

the output on a standard 30-megacycle scope. A trapezoidal-

shaped wave having a frequency of five to thirty megacycles
should be observed.

Operation of the counter is as follows : First, the output is

connected directly to the scope trigger input socket, and then

the input is connected to the signal source or trigger takeoff.

(A minimum input signal of about ten millivolts is required.)

At this point, a dc voltage of approximately five to seven volts

is applied, and the voltage, resistor R2, and the scope trigger

controls are slightly adjusted until a stable display appears.

These adjustments must be made slowly and very carefully. If

the display drifts (becomes unstable), readjustment of the dc

voltage is usually the quickest way to make the display stable

again.

A more sophisticated synchronizer circuit which can be

used at frequencies of more than 3000 megacycles is shown in

Fig. 109. In this circuit, TD^ is a 150-megacycle free-run-

ning relaxation oscillator; TDj is a monostably biased tunnel

INPUT O-

IN3I30

O OUTPUT

Fig. 109. Five-gigacycle synchronizer circuit.
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diode. The leadlines for these diodes are shown in Fig. 110.

The output is at a frequency of approximately 50 to 100 kilo-

cycles. Peak-to-peak voltage up to one volt can be provided at

the output by use of a gallium arsenide 50-milliampere tunnel
diode for TD2. The input and coupling elements (Cj and R3)

also may be replaced by high-speed diodes to reduce the feed-

back of the output into the input. The voltage developed across

TDi must be held to a maximum of 500 to 600 millivolts; other-

wise an input attenuator is needed.

The inductance 'L^ must be kept to an extremely low value
(approximately 1 to 10 nanohenries) for TDj to run freely at

more than 100 megacycles. Rj and R5 may be one to two ohms.

LOAD LINE FOR TD2

Fig. 110. Tunnel-diode load lines.

TUNNEL-DIODE INDICATOR

Figs. Ill and 112 show two circuits which can be used to

provide a visual indication of whether the tunnel diode is in

the high or low state. Because the input impedance of either

+I5VDCQ

Fig. 111. Tunnel-diode indicator for grounded anodes
(Ri should be physically close to the diode).
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circuit is greater than 100,000 ohms, negligible current is

drawn from the diode under observation.

15 VQ

Fig. 112. Tunnel-diode indicator for grounded cath-

odes (Ri should be physically close to the

diode).

SCALE EXPANDER
A useful circuit which permits tunnel-diode peak current

to be measured on a curve tracer with discrimination better

than 0.1 per cent and accuracy better than 0.5 per cent is

shown in Fig. 113. This simple attachment effectively magni-
fies the top portion of the tunnel-diode characteristic ten times.

Thus, a one-per cent current deviation represents one major
division instead of one-half of a minor division as on a con-

ventional curve tracer graticule.

X -A^XC-

IK

~Q

^ 2K

VSAr-
25K

CURVE TRACER

390 K

NORMAL DISPLAY
5 MA/DIV— VERTICAL

(50-MA UNIT)

EXPANDED DISPLAY
0.5 MA/DIV—VERTICAL

(50-MA UNIT)

Fig. 113. Scale expander.
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This attachment basically expands the range of the vertical-

positioning control so that the top portion of the characteristic

can be seen on an expanded scale. Calibration is most easily

obtained by use of a diode having a known peak current. (This

calibration unit may have been measured on the precision-

measurement equipment described in the section on Measuring
Circuits.) Once the set is calibrated, the vertical-positioning

controls must not be disturbed.

OTHER USES

Some other novel uses of tunnel diodes are found in decade
counters or ring counters. Under certain conditions, for ex-

ample, a "count-by-10" circuit can be designed by use of ten
tunnel diodes in series. Tunnel diodes in conjunction with
transistors have been used in ring counters having 100-mega-
cycle repetition rates. Full adders using tunnel diodes with
and without transistors have been described in the literature.

(See reference in the section on Switching.) The use of tunnel
diodes generally permits simpler full-adder circuitry than all-

transistorized circuits.
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T>. UNNEL-DIODE parameters are easily measured by dis-

play of their characteristics on a curve tracer. When a con-

ventional curve tracer is used, a trace similar to that shown in

Fig. 114 appears. The negative-resistance portion of the char-

acteristic is not visible because of the speed with which the

diode switches from the low-voltage positive-resistance portion
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Fig. 115. Tunnel-diode load lines.

When this condition is satisfied, the diode load line is similar

to that shown in Fig. 116. In this case, when the curve-tracer

sweep current exceeds the peak current, the diode does not

switch directly to the high state, but instead travels through

the negative-resistance region continuously. However, the

Fig. 116. Load-line conditions for display of complete
characteristic.

curve tracer may display characteristics such as those shown
in Fig. 117. The presence of such "bumps" or "fuzz" in the
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negative-resistance region indicates that the diode is oscillat-

ing as it is swept through this region. This effect can be pre-
vented by use of a total circuit series inductance L^ (including
case inductance) which is less than the product of the total

circuit series resistance, the minimum negative resistance of

the diode, and the juncton capacitance as shown by the fol-

lowing expression**:

Lirj, <i Rrp X
I
R

I M.n X Cj (80)

Eqs. (79) and (80) represent the two stability conditions that

must be met if the complete tunnel-diode characteristic is to

be stably displayed.

For low-peak-current units, the circuit shown in Fig. 118
may be used to display the complete characteristic. In this

circuit, resistor R^ serves to bypass the power source so that

only the resistance and inductance of resistors Rj and Rg are

presented to the tunnel diode. Ro is the current-sampling re-

sistor, and Rg is the current-limiting resistor. Rj and Eg may

X-AXIS

> Y-AXIS

Fig. 118. Tunnel-diode curve tracer.

be any values as long as their sum is less than | Rj | . It is a

mistake to assume that the stability of the circuit is increased

if Ri and Rj are very low. If the resistance (Ri + R2) is lower

than necessary, it is harder to stabilize the diode, as shown
by Eq. (80).

For medium-peak-current units, the total inductance of

two resistors in series may be too large to satisfy Eq. (80). In

this case, the circuit shown in Fig. 119 can be used to reduce

the circuit inductance by more than 50 per cent.*^ This circuit

is basically a form of the familiar Wheatstone bridge. Resistor

R2 is used to obtain a "null" on the bridge without a diode in

the circuit. Null is indicated on the scope by a perfectly hori-

zontal line. The diode is then inserted, and the complete curve

is traced out. Current through the tunnel diode is measured

by the unbalanced condition it causes in the bridge. Methods
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HORIZ.

Fig. 119. Tunnel-diode curve tracer.

for the reduction of the inductance of the critical section (Rr,

plus tunnel-diode unit) are described in reference 42.

Medium-current units (50 milliamperes or more) generally

have too much case inductance to be stabilized completely. For

example, a 50-milliampere diode may have a case inductance of

0.4 nanohenry, a negative resistance of two ohms, and a capaci-

tance of 10 picofarads. Substitution of these values in Eq. (80)

produces the following impossible inequality:

4 X 10-i» < (2) (2) (10-") = 0.40 X 10-10

HIGH-CURRENT UNITS

Most commercial curve tracers are limited to an average

collector sweep current of 10 amperes or a peak current of 20

amperes for short durations. Although heavy-duty attachments

are available, they are generally quite expensive. Because
complicated and costly circuits such as staircase-waveform

generators are not needed for the tracing of tunnel-diode

curves, a high-current adapter may be easily built at low cost.

The adaptor shown in Fig. 120 can extend the range of com-
mercial curve tracers to a peak current of approximately 60

amperes. Provided properly rated components are used, this

basic circuit can be used to build curve tracers usable up to

1000 amperes. (Although the transformer specified in Fig. 120

is rated at only 30 amperes, it is possible to trace curves of

diodes having peak currents up to 60 amperes because current
flows only every half-cycle, and the rms value of a half-rectified

sine wave is one-half of the peak current.)

In Fig. 120, two of the four leads connected to the tunnel
diode are voltage-sensing leads which measure the voltage
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Fig. 120. High-current adaptor (L is a variable auto-
transformer and T2 is a 5-volt filament

transformer).

appearing directly across the diode. As a result, all voltage

drops caused by contact resistance and connecting leads are

bypassed. Considerable errors may result in measurement of

peak voltage if the voltage and current leads are not kept

separate. Because most commercial curve tracers measure the

voltage appearing across their front-panel terminals, any ex-

ternal connecting-lead voltage drop appears in series with the

diode being measured and causes large errors at high currents.

All RCA high-current tunnel diodes are measured by applica-

tion of the signal from the voltage leads to the external differ-

ential voltage inputs available on the rear panel of most curve

tracers. This procedure eliminates errors due to lead drops.

The external voltage inputs of most commercial curve

tracers have a fixed sensitivity in the order of 100 millivolts

per dial division. Although this scale is not sensitive enough
to provide accurate measurement of peak voltage, the hori-

zontal-amplifier section of the circuit can be modified to pro-

vide variable gain vs'hen the external inputs are used.

Fig. 121a shows the horizontal-amplifier circuit of a con-

ventional curve tracer. As shown, the gain of this amplifier can

be verified by adjustment of switch 4R. However, this switch

is ganged to several other switches in the curve tracer, and
cannot be moved from the "EXT" position when the external

inputs are being used. In the modified circuit of Fig. 121b,

therefore, switch 4R is bypassed when the external inputs are

used, and switch Sj is added to obtain horizontal sensitivities

of 10, 20, 50 or 100 millivolts per dial division.

An important change in the modified circuit of Fig. 121b

is the relocation of the 60,000-ohm resistor. If this resistor

were to remain in its original location, it would not be con-

nected to the cathode of the tube V354 when Sj was in the 10,
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V354

EXT.

SWITCH N0.4R

Fig. 121a. Simplified circuit for horizontal amplifier

switching.

20, or 50 millivolt per dial division positions. As a result, er-

rors in the order of five per cent might be introduced.

The entire modification described above does not interfere

with normal operation of the curve tracer, provided svs^itch Sj

is connected in the 0.1 volt per dial division position when the

external inputs are not used.

Si=SP4P WAFER

SWITCH N0.4R
Fig. 121b. Modified circuit for horizontal amplifier

switching.
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CAPACITANCE

Junction-capacitance measurements at RCA are made on

a Wayne Kerr Model B801 admittance bridge, as shown in Fig.

122. Resistor Rj is used to develop a bias voltage across the

tunnel diode. The "unknown" terminals of the bridge appear
as a dc short. Capacitance is measured at the valley point with
an accuracy of approximately ±: 0.2 picofarad or =h 2 per cent,

whichever is greater.

TUNNEL DIODE

JIG

DC
P. S.
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be made as small as possible.

If it is desired to measure the capacitance of a tunnel diode

at points other than in the valley, a rather lengthy procedure

must be used. First, the bridge is balanced without any diode

in the jig. A shorting strap is then substituted for the diode,

and the constant loop impedance is measured. The diode is

then inserted, and the admittance of the circuit is measured
for various bias voltages. By initial balancing of the bridge at

a small positive conductance, the conductance and capacitance

in the negative-slope region can be measured, provided the con-

ductance is not too large. From these measurements, the true

diode junction capacitance can be computed by means of the

following equations

:

Lt 4-

G„2 + a)^Ci,2

['^TTi;^^-'^'') ^'^^ l^'^+GT^f^j

G„
(81)

Sd
G,,^ + w^C„2

Rrr

(82)

where Cj is the true junction capacitance, gp is the diode con-

ductance, Rt = Ri + Rf,; L,p = Lj + Lg, and Gb and Cj, are
values indicated in Fig. 123.

The impedance Z, = R^ + jcoLj is the impedance measured
when the diode holder is shorted. Fig. 123 shows the variation

Fig. 123.

100 150 200 250 300 350
DC JUNCTION VOLTAGE— MILLIVOLTS

Capacitance characteristic

ampere tunnel diode.

for five-mil I i-
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in capacitance as a function of bias voltage for a five-milli-

ampere tunnel diode.

PRECISION MEASUREMENTS

The conventional curve-tracer methods for the measure-

ment of parameters Ip, V,,, ly, Vy and Vp are simple and rapid,

but are not accurate enough for all applications. Better than

one per cent accuracy on a curve tracer is almost impossible

even if perfect calibration is assumed. Because RCA produces

tunnel diodes having a ±l-per-cent tolerance on peak current,

a method more accurate than that of the curve tracer is neces-

sary. This required accuracy is provided by the circuit shown
in Fig. 124a. This method was selected for several reasons:

(1.) the diode can be stably biased at the peak; (2.) the circuit

is not transient or noise-sensitive; (3.) the use of a digital volt-

meter for display of the measured parameter reduces the

chances of operator error; and, (4.) both peak current and peak

voltage are easily measured.

Resistors Rj and Rg form a low-inductance monostable

load-line for the tunnel diode, as shown in Fig. 124b. The am-

plifier A' senses the voltage across R^, amplifies it, inverts it,

and feeds it back through R^,. The current generated by this

process thus cancels out the current originally flowing in R^.

When the voltage across Iw drops to zero (ideally), all current

flowing through the tunnel diode is diverted through precision

resistor R3 to ground. Therefore, when switch S^ is in the

peak-current position, the digital voltmeter monitors the volt-

age across R^ and provides a direct indication of diode current.

For measurement of peak current, the power-supply voltage is

increased until the diode current reaches a maximum peak.

Valley current is measured by continued increase of power-

supply voltage until minimum diode current is obtained. When
the switch Sj is placed in the peak-voltage position, the digital

voltmeter B' provides a direct indication of diode voltage. Both

peak voltage and valley voltage can then be measured by ad-

justment of the power supply.

With this circuit, accuracies to 0.1 per cent can be achieved.

Short-term repeatibility of results is better than ±0.1 per cent.

The sensitivity of the system is suflScient to detect the small

changes in tunnel-diode parameters caused by normal varia-

tions in room temperature from day to day. Factors affecting

accuracy include the tolerance of precision resistor R3, the

voltmeter accuracy, the null voltage across Rg, and the type

of jig used to hold the diode.
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A' — DC AMPLIFIER

B— DIGITAL VOLTMETER

(a)

Fig. 124. (a) Precision measurement circuit, and (b)

tunnel-diode load line.

In the test circuit shown in Fig. 124a, the precision re-

sistor R^ has a tolerance of 0.01 per cent. The digital volt-

meter B', which is a four-digit high-speed semiconductor type,

has an accuracy of 0.01 per cent. The voltage across resistor

R2, which was measured to be less than 20 millivolts, corre-

sponds to an error of less than 0.04 per cent for a 50-milli-

ampere diode. The possible stray potential differences caused

by the contact of two dissimilar metals in the amplifier input

leads may be another source of error.

The type of diode holder or jig required depends upon
individual needs. A jig for use by circuit design engineers need
not be as elaborate as one for production usage. Examples of

RCA holding jigs are shown in Fig. 125. Any holder (together
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with resistors Rj and R2) meeting the following requirements

is satisfactory, provided Rj has adequate power-handling ca-

pacity. First, the sum of resistances Ri and R^ and the tunnel-

diode series resistance R. must be less than the absolute value

TUNNEL DIODE
WITH BENT TABS-

-SPRING LOADED
CLAMP

LOW INDUCTANCE
_^ RESISTOR

GROUND PLANE

'

(0)

DIODE

R|R2

SIDE VIEW

DIODE

COPPER
•- STRIP

COPPER
--"STRIP

7777/-^^^
FRONT VIEW

ID)

^

SCHEMATIC

Fig. 125. Typical tunnel-diode holders.
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of the negative resistance, or

R,, = Rj + Rg + Rg <
I
Rj

I
(83)

Second, the total inductance L^, presented to the diode must be

kept below the following limit:

Lt < Rt X
I
Rj

I
X (Cj) (84)

Third, the holder for the tunnel diode must not grip the

unit in any way which would cause excessive pressure to be

applied to the tunneling junction. Finally, the amplifier input

leads must be kept separate from the current-carrying leads.

If this precaution is not observed, considerable errors may re-

sult. For example, it is not permissible to connect the ampli-

fier input lead to point B of Fig. 125a instead of point A.

The conditions of Eqs. (83) and (84) represent the stability

criteria for a tunnel diode. For high-current units, the second

requirement is often impossible to meet. However, if the total

inductance is kept to an extremely low value, even 50-milli-

ampere low-capacitance units (Ip/Cj greater than or equal to

5:1) can be stabilized slightly past the peak of the diode char-

acteristic.

In both holders shown in Fig. 125, resistors Rj and R2
are small cubes of germanium, because conventional carbon re-

sistors are too inductive for this application. However, low-

inductance resistors, such as carbon-disc resistors, may also

be used in place of the germanium cubes. Both holders accept

the RCA tunnel-diode package shown in Fig. 8 in the first sec-

tion on Theory. The holder in Fig. 125a requires bending of

the package tabs; the one shown in Fig. 125b receives straight

tabs.

Although forward voltage could be measured with the test

circuit shown in Fig. 124, it is much easier and quicker to

measure this parameter with the circuit shown in Fig. 126.

This circuit consists of a constant-current supply and a digital

voltmeter.

Fig. 126. Forward-voltage measuring circuit.
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OTHER METHODS FOR MEASURING
PEAK CURRENT

The method shown in Fig. 127 uses a precision ammeter in

series with the tunnel diode. Resistor Rg stabilizes the diode

to prevent switching. This method is not suitable for high-

speed units because the ammeter inductance makes it very
difficult to stabilize the unit at the peak. Noise from the power
supply, or rf pickup, tends to push the bias point slightly into

the negative-resistance region. If the inductance in series with
the diode is not small enough to meet the stability requirements,
Ihen oscillations occur in the negative-resistance region.

Fig. 127. Peak-curreiit measuring circuit using am-
meter in series.

Fig. 128 shows another method for measuring peak current.

In this method pulses of current are used to switch the diode.

The peak current equals the pulse current (ideally) when the

pulse current is increased until the diode is just barely switch-

ing, as observed on the scope. However, there are two dis-

advantages to this method. First, random noise may switch

the diode prematurely, and secondly, it is very difficult to

measure either peak or valley voltage. In addition to these

disadvantages, a method is needed for measuring the input-

pulse amplitude to an accuracy of ±0.1 per cent.

Fig. 128. Peak-current measuring circuit using pulse
generator.
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The third method, shown in Fig. 129, is similar to that of

Fig. 128 except that a rectified 60-cps sine wave is used to drive

the diode past the peak on a load-line. The peak-reading digi-

tal voltmeter registers the maximum current passed through

the diode (peak current). This method has the same two dis-

advantages of the method shown in Fig. 128, but offers a rapid

method for measuring peak current.

Fig. 129. Peak-current measuring circuit using 60

cps sine wave.

The fourth method, shown in Fig. 130, is similar to the

method of Fig. 124a except that the amplifier feedback loop is

omitted. In this circuit, the voltage across resistor Rg is in

direct proportion to the current flowing through the diode.

Provided the resistance of Rj is accurately determined, the

peak-current reading may be obtained by "peaking" this volt-

age. However, it is very difficult to obtain a non-inductive

temperature-stable one-ohm resistor having a tolerance of

LOAD LINE DUE
TO R|+R?

#

Fig. 130. Peak-current measuring circuit.
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±0.1 per cent. It is desirable to use a resistance of exactly one
ohm for Rg and thus avoid a cumbersome conversion factor

when the digital voltmeter is read. Another problem with this

circuit involves accurate measurement of the low voltage ap-

pearing across resistor Rj.

SERIES RESISTANCE

The series resistance of tunnel diodes is normally meas-
ured by the curve-tracer method because close accuracy is not

required. The tunnel diode is swept out to 200 milliamperes in

the reverse direction. The slope of the characteristic between
the 100- and 200-milliampere intercepts is considered to be the

series resistance for a 50-milIiampere unit; lower-peak-current

units require lower-current intercepts which are determined
by the maximum current ratings of the units (1.4 X dc^,,^ =
aCpp„k). In this region, the reverse characteristic is approxi-

mately linear.

Series resistance of tunnel rectifiers may also be measured
by this technique. However, it may be advisable to measure the

slope between the 50- and 100-milliampere points (or lower) to

prevent damage to the units.

Some tunnel-rectifier data do not specify series resistance

but instead give a voltage maximum for a given current. This

information is more useful in nonlinear (switching) applica-

tions than data on series resistance. Conversely, for linear

(amplifier, oscillator) applications, series resistance is the

more useful parameter.

Several other methods for the measurement of series re-

sistance have been proposed. The method shown in Fig. 131

uses the Wheatstone bridge principle.** (In this circuit, line

INPUT PULSE
40^sec

—»

PULSE
GROUND

VERT.

HGRIZ.

IF R| = R3
THEN R2 = Rs '^T NULL

Fig. 131. Series-resistance measuring circuit.
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B should be grounded and differential scope units used to simu-

late the scope ground indicated.) The diode is inserted into

one arm of the bridge and a pulse is applied to the bridge.

When resistor R2 equals the series resistance at a given bias

current, the trace on the scope becomes vertical (perpendicular

to the X-axis) at that bias point, as shown by Fig. 132. Be-

cause this method tests diodes at larger reverse currents than

R2<Rs NULL R2>Rs

Fig. 132. Scope display.

possible with steady-state methods, the value of series re-

sistance read is lower and closer to the true value than that

obtained with the previous method.
Another method is to apply a large pulse of current and

a low-level sine wave to the diode simultaneously. The pulse

serves to bias the unit at a large reverse current; the ratio of

the superimposed ac-signal voltage to the ac current is the

series resistance at this bias level.

INDUCTANCE

The inductance of a tunnel diode is a difficult electrical

parameter to measure, primarily because it is so small. As a

result, it is necessary to use microwave frequencies to measure
the inductance of the diode. Fig. 133 shows the test setup

used. All connecting cables have a characteristic impedance of

50 ohms, except for the four-ohm line in the dc branch of the

circuit. This low-impedance line is used to filter out high-

frequency disturbances which may pass down from the rf

stages. The variable delay line is adjusted to present an open
circuit to rf current from the signal generator. The dc block-

ing capacitor prevents dc from flowing in the rf signal genera-

tor. The VSWR meter is tuned to one kilocycle to pick up the
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modulating signal generated by the square-wave generator.

The dc power supply is used to bias the tunnel diode in its

valley region where the junction capacitance of the tunnel

diode is known and the dynamic conductance of the tunnel

diode is approximately zero.

I-KC
SIGNAL

MODULATOR

RF SIGNAL
GENERATOR

50-OHM
VARIABLE I

DELAY "--^

LINE

4-OHM
TRANSMISSION-

LINE

TUNNEL
DIODE

^~

DC
POWER
SUPPLY

Fig. 133. Test setup for measuring inductance.

The inductance is determined from the VSWR of a tunnel

diode, the shift away from a short-circuit reference null, and

a Smith chart. By means of the equivalent circuit for tunnel

diodes, the input impedance Z of the device is found to be

Z = Rs +
So

go' + 0)20^2
+ J [coL.--

""^
,^ 1 (85)

Under valley-region bias conditions, go becomes approximately

zero and Eq. (85) becomes

Z = R, + j [
wL, -— 1 = R, + jX (86)

The value of X is obtained from the previously mentioned

Smith chart. Because the diode capacitance is known accurately

in the valley region, the term l/ojCj can be computed and added

to X to determine wL^. When wL, is known, L^ can be deter-

mined. For the dynamic conductance in the valley to remain
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essentially zero, a small rf signal must be used to drive the

tunnel diode. In these tests, a peak-to-peak amplitude of five

millivolts is used. With this signal level, the VSWR indicator

must be operated in its most sensitive range. At this sensitivity,

the background noise level makes it difficult to locate the null

and peak of the standing wave. A typical tunnel diode VSWR
is about 32 decibels. Another area of difficulty is the connec-

tion of the tunnel diode to the slotted line. The repeatability

of measurements is only about 20 per cent.

Typical value of the inductance measured for the RCA
standard packages is in the order of 0.4 nanohenry.

SWITCHING SPEED

The switching speed, or rise time, of a tunnel diode is

directly proportional to the ratio between the peak current I,,

and the junction capacitance Cj. This "speed ratio" may vary

from about 0.005 to 10.0 or more, depending upon the type of

diode. RCA tunneling devices shown in this manual have
speed ratios in the range from 0.1 to 10.0 or more. An appro-

priate "rule of thumb" which relates rise time to the "speed

ratio" is that a speed ratio of 0.5 results in a rise time of ap-

proximately one nanosecond for a germanium tunnel diode, or

two nanoseconds for a gallium arsenide diode. A more accurate

estimate of rise time t^ may be obtained from the following

equation

:

^-<t^) (87)

Rise time is generally measured on high-frequency sampling
scopes. Conventional scopes lack adequate bandpass, and
"traveling-wave" scopes have insufficient vertical (amplitude)

sensitivity. A convenient circuit for the measurment of rise

times without delay lines is shown in Fig. 134.

SAMPLING SCOPE TRIGGER

-AAA-

PROBE

©

I I

fTRIGGER OUTPUT

-J\/\/\, —I I— <: PULSE FROM
^SAMPLING SCOPE

Fig. 134. Rise-time measurement circuit.
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An alternate method for measuring rise time, which is

quite useful for multiampere units, is to apply a dc bias of

approximately 0.2 volt to the diode. At this bias level, the diode

automatically begins to operate as a relaxation oscillator, and
has a waveform as shown in Fig. 135. The rise time of these

pulses closely approximates the rise time obtained by the pulse

method (Fig. 134).
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In addition to the devices listed in the following charts, RCA
can supply a wide range of tunneling devices to meet customer
specifications. These devices include germanium and gallium ar-

senide tunnel diodes for switching applications with rise times
less than 50 picoseconds, tunnel diodes for microwave power
generation and amplification with cutoff frequencies well above
X-band, very-high-current tunnel diodes for power conversion,
and also tunnel rectifiers and tunnel resistors.

For developmental data sheets and for information about these

devices, contact your RCA local representative or the Special

Products Department, RCA Semiconductor and Materials Divi-

sion, Somerville, N. J.
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DEFINITIONS

The following terms and symbols are, for the most part,

defined with respect to either the tunnel diode characteristic

curve or the equivalent circuit shown below.

Vp Vi
FORWARD VOLTAGE

Static forward characteristic of tunnel diode.

O WV

Equivalent circuit of tunnel diode.

Fall time (t,)—The time required for the tunnel diode to
switch from a high-voltage state to a low-voltage state.

Figure-of-merit frequency (fj—The frequency equal to the
reciprocal of 27rRnim Cj at a specified bias in the negative-
resistance region.

Forward voltage point (V,')—The forward voltage, greater
than peak voltage, for which the current is equal to the max-
imum peak current.
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Junction capacitance (Cj)—The small-signal capacitance as-

sociated with the pn junction alone at a specified bias and
frequency.

Junction resistance (R,)—The incremental resistance reduced

by the series resistance of the diode, or dV/dl — R,.

Incremental resistance (dV/dl)—The reciprocal of the slope

of the current-voltage characteristic.

Inflection point current fl,)—The current corresponding to

the inflection point voltage on the static characteristic curve.

Inflection point voltage (Vi)—The voltage at which the slope

of the current-voltage characteristic reaches its most negative

value.

Peak current (Ir)—The current at which the slope of the cur-

rent-voltage characteristic changes from positive to negative as

the forward voltage is increased.

Peak voltage (Vp)—The voltage at which the peak current

occurs.

Resistive cutoff frequency (f,,,)—The frequency at which the

diode no longer exhibits negative resistance for a specified bias.

This frequency is equal to

1 Ol
^1 C, "V R,277'R| Cj

Rise time (t,)—The time required for the tunnel diode to

switch from a low-voltage state to a high-voltage state.

Self-resonant frequency (f,„)—The frequency below which
the reactance of the diode is capacitive; above this frequency,

the reactance is inductive. This frequency is equal to

^" - 277-Rj C, \ U - 1

Series inductance (L^)—The self-inductance of a diode in a

specified circuit configuration.

Series resistance (R,)—That portion of the small-signal ter-

minal resistance of a pn-junction diode which is external to the

junction.

Speed index (I,. : d)—The ratio of the peak current to the

junction capacitance. This index determines the speed capability

of the device.

Valley current (L)—The current at which the slope of the

current-voltage characteristic changes from negative to positive

as the forward voltage is increased.

Valley voltage (Vv)—The voltage at which valley current

occurs.
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Semiconductor Products

RCA SEMICONDUCTOR PRODUCTS HANDBOOK—HB-10.
Two binders, each 7%" L x 5%" W x ^%" D. Contains over
1000 pages of loose-leaf data and curves on RCA semicon-
ductor devices such as transistors, silicon rectifiers, and semi-
conductor diodes. Available on a subscription basis. Price
$10.00 including service for first year. (Also available with
RCA Electron Tube Handbook HB-3 at special combination
price of $25.00)

RCA TRANSISTOR MANUAI^-SC-10 (8%" x 5%")—304 pages.
New manual contains detailed technical data on RCA semi-
conductor devices. Easy-to-read text contains information on
basic theory, application, and installation of transistors, silicon

rectifiers, and semiconductor diodes. Includes circuit diagrams
and parts lists for many typical applications. Features lie-flat

binding. Price $1.50.

RCA SEMICONDUCTOR PRODUCTS GUIDE—60S16R4 (10%"
X 8%")—12 pages. Contains classification chart, index, and
ratings and characteristics on RCA's line of transistors,
silicon rectifiers, semiconductor diodes, and photocells. Single
copy free on request.

RCA SILICON POWER TRANSISTORS APPLICATION GUIDE—lCE-215 (10%" X 8%")—28 pages. Describes outstanding
features of RCA silicon power transistors and their use in
many critical industrial and military applications. Includes
construction details, discussion of voltage ratings, thermal
stability conditions, and equivalent circuits for power tran-
sistors. Price 50 cents.

RCA SILICON VHF TRANSISTORS APPLICATIONS GUIDE—lCE-228 (10%" X 8%")—20 pages. Describes unique capa-
bilities of RCA silicon vhf transistors and their use in critical
industrial and military applications up to 300 megacycles.
Price 50 cents.

TRANSISTORIZED VOLTAGE REGULATORS APPLICATION
GUIDE—lCE-254 (10%" x 8%")—12 pages. Describes and
discusses transistorized voltage regulators of the series and
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shunt types. Included are design considerations, step-by-step
design procedures, and the solutions to sample design prob-
lems. An Appendix contains the derivations of design equa-
tions. Price 25 cents.

TECHNICAL BULLETINS—Authorized information on RCA
semiconductor products. Bulletins contain characteristics and
performance curves. Be sure to mention transistor or rectifier

type desired. Single copy on any type free on request.

RCA TRANSISTOR REPLACEMENT GUIDE—1L1115—36
pages. Listing of RCA transistors and semiconductor diodes
intended to serve as replacements in entertainment-type elec-

tronic equipment. This booklet includes replacement informa-
tion on more than 1000 models of portable and table radio
receivers, tape recorders, and portable equipment of 145
domestic and foreign manufacturers. Price 35 cents.

RCA SILICON RECTIFIER INTERCHANGEABILITY GUIDE
—1CE-229A—16 pages. Lists RCA silicon rectifier replace-
ments for a majority of industry types. The guide also in-

cludes a list of 125-milliampere selenium rectifiers and the
RCA single-ended TO-1-case silicon rectifiers vs^hich can be
used as replacements for these types. Price 25 cents.

Electron Tubes

RCA ELECTRON TUBE HANDBOOK—HB-3 (7%" x 5%").
Five 214-inch-capacity binders. Contains over 5000 pages of

looseleaf data and curves on RCA receiving tubes, transmitting

tubes, cathode-ray tubes, picture tubes, photocells, phototubes,

camera tubes, ignitrons, vacuum gas rectifiers, traveling-wave

tubes, premium tubes, pencil tubes, and other miscellaneous

types for special applications. Available on subscription basis.

Price $20.00 including service for first year. Also available with

RCA Semiconductor Products Handbook HB-10 at special com-
bination price of $25.00.

RCA RECEIVING TUBE MANUAL^RC-21 (8%" x 5%")—
480 pages. Contains technical data on 903 receiving tubes and
106 picture tubes for black-and-white and color television. Fea-

tures tube theory written for the layman, application data for

radio and television circuits, new receiving-tube and picture-

charts, and several circuits for high-fidelity audio amplifiers.

Features lie-flat binding. Price $1.00.

RCA TRANSMITTING TUBES—TT-5 (8V4" x 5%")—3,20 pages.

Gives data on over 180 power tubes having plate-input ratings

up to 4 kw and on associated rectifier tubes. Provides basic

information on generic types, parts and materials, installation

and application, and interpretation of data. Contains circuit

diagrams for transmitting and industrial applications. Fea-

tures lie-flat binding. Price $1.00.
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RADIOTRON DESIGNER'S HANDBOOK—4th Edition (8%" x

5^2")—1500 pages. Comprehensive reference covering the de-

sign of radio and audio circuits and equipment. Written for

the design engineer, student, and experimenter. Contains 1000

illustrations, 2500 references, and cross-referenced index of

7000 entries. Edited by F. Langford-Smith.

Batteries

RCA BATTERY MANUALr-BDG-111 (lOyg" x 8%")—64 pages.

Contains information on dry cells and batteries (carbon zinc

(Leclanche), mercury, and alkaline types). Includes battery

theory and applications, detailed electrical and mechanical

characteristics, a classification chart, dimensional outlines, and

terminal connections on each battery type. Price 50 cents.

RCA BATTERIES—BAT-134F—24 pages. Contains new classi-

fication charts and data charts on more than 100 RCA battery

types, contains interchangeability directory listing RCA re-

placements for battery types of 11 manufacturers, and a

replacement guide giving the RCA battery complement for

more than 3000 portable radio models of 300 domestic and

foreign manufacturers. Price 35 cents.

RCA BATTERIES FOR TRANSISTOR APPLICATIONS—TBA-
107A (10%" X 8%")—12 pages. Technical data and curves on

25 RCA Leclanche and mercury-type dry batteries designed for

use in applications utilizing transistors. Price 25 cents.

Test and Measuring Equipment

INSTRUCTION BOOKLETS—Illustrated instruction booklets,

containing specifications, operating and maintenance data, ap-

plication information, schematic diagrams, and replacement

parts lists, are available for all RCA test instruments. Prices

for booklets on individual instruments are available on request.



In addition to the tunnel diodes described in this manual, the

RCA Semiconductor and Materials Division offers many other
semiconductor devices for military, industrial, and consumer ap-
plications :

silicon and germanium transistors

silicon rectifiers

silicon controlled rectifiers

thyristors

varactor diodes

magnetic memory components, devices,

and systems
micromodules
digital microcircuits

electro-optical devices

laser crystals

optical diodes

laser modulator crystals

Requests for technical information should be addressed
to Commercial Engineering, RCA Semiconductor and Materials
Division, Somerville, N.J.

Requests for information on packaged solid-state micro-
wave assemblies, photocells, and other products manufactured
by the RCA Electron Tube Division should be addressed to

Commercial Engineering, Radio Corporation of America, Harri-
son, N.J.

Information furnished by RCA is believed to be accurate and reliable.

However, no responsibility is assumed by RCA for its use; nor for

any infringements of patents or other rights of third parties which
may result from its use. No license is granted by implication or other-

wise under any patent or patent rights of RCA.
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